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Zusammenfassung

In dieser Arbeit wird ein neuartiges Modell zur Radioemission von Pul-
saren vorgestellt. Dazu werden die Standardmodelle fiir die koharente Ra-
diostrahlung kritisch diskutiert und die Bedingungen fiir ihre Giiltigkeit un-
tersucht. Es zeigt sich, daf} zahlreiche theoretische und Beobachtungsergeb-
nisse mit dem Standardmodell fiir die Pulsar-Radioemission nicht oder nur
schwer vereinbar sind.

Allgemein akzeptiert ist, dafl in dem rotierenden magnetischen Dipol
hohe Spannungen induziert werden, die geladene Teilchen aus der Oberfliche
ziehen konnen. tblicherweise wird nun angenommen, dafl nahe am Neu-
tronenstern Teilchen auf hochrelativistische Energien beschleunigt werden
und durch exotische Prozesse ein dichtes Elektron-Positron-Plasma erzeu-
gen. Durch Instabilitaten kann dieses dieses dann die koharente Radios-
trahlung erzeugen.

Es konnte gezeigt werden, daf insbesondere kohérente Kriitmmungsstrah-
lung als Mechanismus fiir die niederfrequente Radioemission ausgeschlossen
werden kann. Fur den meistdiskutierten Alternativprozef} sind dagegen - im
Widerspruch zum Standardmodell - geringe Teilchendichten und -energien
erforderlich, wie in dieser Arbeit dargestellt. Das hier entwickelte Mod-
ell nimmt ein méaBig relativistisches reines Elektronenplasma an, in dem
die dissipierte Energie fiir die Radiostrahlung nicht aus der Teilchenen-
ergie, sondern der Potentialdifferenz an der Oberfliche gezogen wird. Die
gemittelte Energie der Stromtréiger bleibt unverdndert. Das beschriebene
Szenario ahnelt dem Stromflufl in einem Stromkreis an einer Batterie, wo
an Widerstdnden nur Spannung abfillt, aber die stromtragenden Teilchen
nicht abgebremst werden.

Dieses Modell kann unter anderem die Energetik, den Frequenzbereich,
die Polarisationseigenschaften und kurze heftige Ausbriiche mit stark erh6htem
Flu} reproduzieren.

In einem weiteren Abschnitt wird skizziert, wie sich das Modell in ein
Gesamtbild der Magnetosphére einfugt, indem ein globales Strombild ent-
worfen wird. Dazu wird gezeigt, daf es fir die Strombildbeschreibung im
Pulsarsystem eine natiirliche Grenze gibt und daf sich an dieser Stelle eine
Raumladung aufbaut. Im allgemeinen Fall nichtparalleler Rotations- und
Dipolachse ermoglicht dann E x B-Drift einen AbfluB der Teilchen und ef-
fektive Beschleunigung in den Auflengebieten.

Im Rahmen eines solchen Modells 1483t sich auch die hochenergetische
Strahlung quantitativ erklaren.
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Massive stars end their lives in spectacular explosions (so-called super-
novae), leaving behind them neutron stars - objects having the highest
recorded gravity and the highest magnetic field strengths (a trillion times
the Earth’s) ever found in the Universe - that we can detect as pulsars.
These objects are predestined to fascinate us, spinning as they do at up to
650 times a second; they are the densest objects which do not collapse into
black holes yet (the Schwarzschild radius is some 40% of the pulsar radius),
and are regarded as marking the edge of the visible universe.

But how are such objects detected at all, when the accepted theories give
them a radius of only about 10 km? Astonishingly, more than a thousand
pulsars have been found, mainly by ground radio telescopes; the emission
can only be the result of a highly coherent process.

Radio observations have become so sensitive and precise that even sin-
gle pulses can now be studied in detail. A highly inhomogenous radiation
pattern has been revealed, in both space and time. Occasionally, some pul-
sars show sudden huge fluxes (so-called micropulses), or even interrupt their
radio emission for a few periods (nulling).

Ever since radio pulsars were first detected, scientists have tried to un-
derstand the origin of the strong radiation. In this work some new ideas are
introduced regarding the emission mechanism, and the conditions required
to produce the main radiation features. Currently favoured models are also
discussed.

In another part of this thesis, a rough sketch explains the more energetic
radiation (X-rays, y-rays) observed in a few rapidly spinning pulsars.

The main results of this thesis are:

e exclusion of coherent curvature radiation for low-frequency pulsar ra-
dio emission (Lesch et al., 1998)

e requirements for particle energy and density for low-frequency radio
emission by a plasma process which contradict the standard inner gap
model (Kunzl et al., 1998a)

e beaming of coherent emission by relativistic effects and the finite ex-
tension of the coherence cell (Kunzl et al., 1998b)

e explanation of typical polarization features of coherent radio emission
by propagation effects (von Hoensbroech et al., 1998)

e exclusion of inner gaps because of heavy thermal and field emission
from the pulsar surface (Jessner et al., 2001)



explanation of the observed radio luminosity in the framework of a
current-circuit model with low densities and particle energies (chapter
5, Kunzl et al., 2001)

explanation of giant pulse brightness temperatures of up to 103! K on
a timescale of 10 ns

sketch of a model for the global currents in a pulsar magnetosphere
including drift on the neutral surface (chapter 6)

explanation of the high-frequency spectrum of the Crab pulsar (IR to
~-rays) by synchrotron emission in an outer gap (Crusius et al., 2001)



”Start at the beginning”, the King said very, very gravely,
Zand go on till you come to the end, then stop.
Lewis Carroll, Alice in Wonderland

1 Introduction

More than 30 years ago some strange new objects appeared on the astro-
nomical stage. Up to then, neutron stars were only theoretical predictions of
a new kind of matter, produced when a massive star can no longer maintain
its nuclear burning but is too massive to become a stable white dwarf (Baade
et al., 1934, Oppenheimer & Volkoff, 1939). These stars were supposed to
finish their lives in a huge explosion. Such a supernova, if occurring in our
galaxy, could be seen even during day time for several weeks.

The remainders of these supernovae (of which four have been observed
in our galaxy in the last 1000 years) were expected to be extremely compact
objects surrounded by thin nebulae powered by the central source (fig. 1).
In the Crab pulsar the outflowing wind can be observed directly by its X-ray
emission - see fig. 2. Although their mass exceeds the solar mass, the radius
of such a compact object should be in the order of only 10 km. At this small
size they should be virtually undetectable even with large telescopes unless
they have an extremely efficient radiation mechanism.

When, in 1967, Jocelyn Bell noted radio signals so regular that their
period could be fixed with a precision of 1 in 100.000 (Hewish et al., 1968),
at first a terrestrial or instrumental origin was assumed. As it became clear
that the source of the radiation was not in our solar system, there were even
some speculations about an extraterrestial intelligence sending the pulses.

Pulses repeating at about once per second, excluded a source like a
rotating main sequence star, or some source orbiting another star. Even a
white dwarf seemed very unlikely. In the meantime, pulsars have been found
whose periods are so small that the source must definitely be smaller than a
white dwarf!. These are very old "recycled” pulsars ("millisecond pulsars”)
having recently been spun up by transfer of matter from a companion star,
which are the fastest spinning objects known in space. The most likely

LThis result comes from estimating the maximum size of the radiating source as the
product of the variation time and the speed of light. So an object emitting pulsed radiation
with a period of 10 ms has to be smaller than about 3:10% m which is marginally consistent
with a "hot spot” on the surface of a white dwarf. For even smaller periods this solution
is definitely excluded.
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Figure 1: Supernova remnant of the Crab pulsar. 950 years ago the pro-
genitor star ended its life in a huge explosion whose debris can still be seen
as this expanding shell. The (invisible) neutron star in the centre is the
only energy source that feeds and drives the nebula by strong low-frequency
electromagnetic waves and a relativistic particle wind.

explanation for the pulses is that the radiation originates in the vicinity of
a neutron star. There is little doubt about this hypothesis nowadays.

Today pulsars are generally accepted to be quickly-spinning neutron stars
with a very strong magnetic field. Estimates of the magnetic field from
observations of cyclotron line emission have been performed by Triimper et
al. (1978). The authors found a cyclotron resonance at 55 keV in the binary
system Her X-1 consistent with a surface magnetic field of 5-10® T. This was
a first hint to the order of magnitude of the magnetic field stength. Such
findings have led to B of up to 10 T. This agrees well with results obtained
from the spindown rate of neutron stars (see below). Today it is generally
accepted that normal pulsars are objects with B around 108 T.

The spindown rate of pulsars is extremely small (only 107* for normal
pulsars and 1072° for millisecond pulsars) but measurable (see Fig. 3).

Despite this period stability the neutron star must obviously lose enor-

mous energy per second to suffer this spindown: with an estimated moment
of inertia of J = 103% kg m? we find a numerical value of



Figure 2: Inner part of the Crab nebula observed in X-rays by Chandra
(Weisskopf et al., 1999). The outflowing particle wind originating at the
pulsar can clearly be seen. To emit X-rays by synchrotron radiation the
particles must be highly relativistic.

. ) P\ 4
Frot = —JOQO = —3.85- 104 W (§> B? (1)

where Bg denotes the surface magnetic field in units of 102 T. In the
second expression we inserted the connection between spindown and mag-
netic field for a braking due to dipole radiation in an orthogonal rotator,
commonly used for determining the surface magnetic field as computed by
Ostriker and Gunn (1969):

P\ .
By =3.2-10°T (—) P. (2)
S

So although pulsars are rigorously stable clocks, they typically lose about
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Figure 3: Period derivative of pulsars plotted against their periods. Two
groups are clearly distinguishable. The left group are the so-called "recy-
cled” or millisecond pulsars with very stable periods whereas the normal
pulsars can be found at periods around one second. The straight line marks
the so-called ”death line” beyond which the standard model predicts that
no radio pulsars exist.



102> W of rotational energy, parts of which can be observed as electromag-
netic radiation by terrestial and space telescopes.

In this framework, theory has to explain how a part of this spindown
power is converted into radiation covering a wide band of the electromagnetic
spectrum. A tiny fraction (about 107°) of the loss of rotational energy is
converted into intense, highly coherent radio emission. Many details and
features have been found in radio pulses so far, which provide strong tests for
any theoretical model. Especially the high fluxes, the polarization features
and the spectral behaviour (power law with a low-frequency cutoff at about
200 MHz where the maximum flux is found) need to be reproduced at least
qualitatively. In this work we will mainly concentrate on radio emission
models (which usually also sketch, how the harder radiation is produced).
Most of the ”classical” models were developed to explain radio emission.

X- and ~-ray observations have a lower spatial and temporal resolution
due to the far lower fluxes but nevertheless give hints about dissipation
processes in the magnetosphere. This is because the broad-band energy flux
of the high-frequency emission is much larger than in the radio range.

neutral line

closed field line

open field line

Figure 4: Vacuum fields of an aligned dipole rotator. Negative charges
accumulate at both polar regions whereas the equatorial belt is charged
positively. The "neutral line” (where E-B vanishes) appears under an
angle of about 55 degrees to the rotation axis.
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Soon after the discovery of pulsars, Goldreich & Julian (1969) showed
that a rotating dipole cannot be surrounded by vacuum, as extremely strong
electric fields are induced, which drag charged particles out of the neutron
star surface. This is because a quadrupolar electric field results from a
rotating dipole magnet (cf. fig. 4). In fact, such a field derives if we assume
that the neutron star is almost superconducting. Therefore Ohm’s law in
its ideal form

E4+0xB=0 (3)

is valid in the interior. But the tangential component of the electric field
must be continuous at the surface whereas the radial component can show
a jump, due to surface charges.

As we are considering a stationary problem, we require that the electric
field outside is a potential field, meaning

E=—grad®. (4)

With these assumptions we obtain a unique solution for the potential

BOQTIS\IS
50

with Py(y) = (3y% — 1)/2 being the second Legendre polynom, and 6
denoting the angle between magnetic field line and rotation axis. Evaluating
the gradient, and taking only the component parallel to B yields

O =— Ps(cos0) + const. (5)

7
E-B = QrxsB (Tls> cos® 6. (6)
T

Therefore the electric field has a large parallel component to the magnetic
field B. This will allow charged particles to leave the neutron star (the
electric force on an electron exceeds the gravitational force by a factor of
10*2!), and their accumulation compensates the parallel component of the
field. The charge density necessary to fulfill ExB=0 everywhere in the
magnetosphere reads

260 = = QByeo (1 — 3cos? 6
PGI = _F - By = ( )

(7)

where By means the (dipolar) surface magnetic field strength at the pole
and z is the radial distance from the neutron star in units of pulsar radii.
The angular dependence follows from the dipole parameter equation. There
are additional corrections near the light cylinder by special relativistic effects

3
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(the corotation speed approaches c, therefore the magnetic field is wound up
and becomes stronger than in the non-rotating case) and very close to the
surface by General Relativity (Muslimov & Tsygan, 1992). This is because
the (negative) gravitational potential energy of a particle is comparable to its
rest energy. In a distance of some pulsar radii the latter effect is negligible,
as the gravitational binding is much weaker. Therefore we neglect these
corrections in our discussion, as they do not play a significant role in the
radio emission distance. This is supposed to be far off the neutron star
surface but still well within the light cylinder so that both corrections should
be of no importance.

This charge density, first computed in Goldreich & Julian (1969), pgy
is called the Goldreich-Julian density. In the following we will also use this
term for the corresponding particle density

nay i— ‘% . (8)

It is emphasized that this solution is only fully correct for a static magne-
tosphere in a parallel rotator. Nevertheless it is also useful for non-vanishing
currents (the external dipolar field is hardly affected by induced magnetic
fields), and for oblique rotators (replacing € by 6 — ¢ where ¢ is the inclina-
tion angle).

Of course, the Goldreich-Julian density cannot be maintained all over
the pulsar magnetosphere, because this solution is a static one, and there
would be neither relativistic particles nor pulsed radiation in this case. Nev-
ertheless it is a good approximation as long as the current-induced magnetic
field is much smaller than the dipole field as in this case the dipolar structure
is not modified significantly. However, this restriction is always fulfilled for
pulsar magnetospheres.

Only two years after Goldreich and Julian’s work, Sturrock (1971) pro-
posed that the field lines which can corotate with the neutron star will keep
the Goldreich-Julian (GJ-) density. Some field lines emanating near the
dipolar axis extend so far into space that the corotation speed would, at
some distance, exceed the speed of light. So the system cannot keep this
static state everywhere as particles drifting outward through the so-called
light cylinder cannot return directly. Therefore the GJ solution will be vi-
olated somewhere. The region where these ”open field lines” penetrate the
neutron star surface is called the ”polar cap”.

Sturrock assumed a gap that would develop if the entire region of open
field lines were a vacuum. This idea was slightly modified in the model
of Ruderman & Sutherland (1975). They considered an anti-aligned pulsar
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(ﬁ I — B, meaning a positive GJ-density above the polar cap) where the gap
develops since ions are bound so tightly to the surface that they cannot leave
the neutron star. So the gap above can only be closed by a pair cascade,
initiated by stray - rays from outer regions. The primary particles will be
accelerated to ultra-relativistic energies and therefore emit hard curvature
radiation, producing a pair in the very strong magnetic field. These sec-
ondary particles will again be accelerated, producing another pair and so on
until the gap is closed. In both cases, highly non-stationary pair formation
is assumed (as the pair plasma will flow outwards and re-open the gap) with
the resulting bunches being responsible for the observed radio emission by
coherent curvature radiation.

In the following, Arons and his group proposed a similar space charge
limited flow model (Scharlemann et al., 1978, Arons & Scharlemann, 1979),
where field line curvature, and the resulting nonlinear behaviour of the GJ-
density, lead to acceleration on so-called favourably curved field lines in an
inclined rotator, followed by an analogous pair cascade as in the Ruderman-
Sutherland model. This idea extended the ”gap” description also to almost
parallel rotators. Shibata (1997), Shibata et al. (1998) assumed a station-
ary current causing acceleration on the "unfavourably” (in the Arons type)
curved field lines.

Acceleration by particle inertia has been studied in detail by Michel
(1974), Fawley, Arons & Scharlemann (1977), this is another space charge
limited flow model assuming that particles are accelerated asymptotically
to highly relativistic energies. However, no pair cascade would be possible
in such a model.

A principally different type of acceleration model is the so-called outer
gap model (Cheng et al., 1986), where the acceleration region is located
between the neutral surface and the light cylinder.

But no matter where the Goldreich-Julian solution is fulfilled; if particles
somehow flow off the polar cap and return to the neutron star somewhere at
a lower latitude, they cover a huge potential difference A¢. A typical value
for A¢ is the voltage between the pole and the edge of the polar cap in the
parallel case (Ruderman & Sutherland, 1975):

1 2 12 P\ 72
A¢ = S ByORE, = 6.58- 102V (=) By 9)

Here we have used the expression for the polar cap radius

Qrg P\1/2
Reap = {| —2NS — 145m (= (10)
P C S
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with the neutron star radius rns and the speed of light c.

As will be shown in this work the various pair production models all en-
counter severe difficulties, making further assumptions necessary, especially
for slow pulsars. So it is doubtful whether the inner gap scenario is possible
at all. Besides, there are a number of other arguments against this model.
So, for several reasons, curvature radiation by bunches (needing a huge num-
ber of pairs) can be ruled out as a mechanism for the coherent radio emission
(Lesch et al., 1998). But, for the currently most favoured emission mech-
anism, some plasma process, low Lorentz factors (around 10) are required
to make the process efficient enough (Melrose, 1978) or to reproduce the
observed low frequencies (Kunzl et al., 1998a). But as the highest fluxes are
observed in the low radio frequencies, a convincing model must especially
reproduce this frequency range. The above results are therefore incompati-
ble with a pair cascade which would lead to average Lorentz factors of a few
hundred (Daugherty & Harding, 1982).

So it is worthwhile to look for alternatives to the classical pair model
to avoid the difficulties mentioned above. A mildly relativistic single-charge
plasma needs a description without an inner gap in contrast to the RS
scenario. We therefore adopt an entirely different approach, where no inner
gap is assumed, and the inner part of the magnetosphere can be described
as a current circuit with mildly relativistic particles. A dissipation region
causes a voltage drop instead of deceleration. Of course in this framework
pair production or even high energetic radiation from the inner region of the
magnetosphere are excluded. The (non-thermal) emission above the radio
frequencies is assumed to be produced in the outer magnetosphere (close to
the light cylinder) where this model predicts an acceleration region similar
to ideas first presented by Cheng & Ruderman (1977). The current circuit
model is one main part of this work and is discussed in detail in chapter 5;
a possibility for current closure, high energetic emission and the pair wind
which flows out into the nebula, is sketched in chapter 6.

In the current circuit model deviations from ideality are caused by elec-
trostatic density fluctuations which act as a resistance. The resistivity is
limited by plasma effects, so that we can derive a minimum thickness of the
radiation region necessary to match the observed luminosity. We find that
typical low frequency fluxes can easily be reproduced with narrow radiation
zones (Kunzl et al., 2001).

To explain the so-called micropulses, we need to take several beaming
effects into account. On the one hand there is the well-known relativistic
light-house effect (e.g. Rybicki & Lightman, 1979), but additionally co-
herence itself causes anisotropy, even in the co-moving frame (Kunzl et al.,
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1998b). These two mechanisms can explain even the highest brightness tem-
peratures observed in burst-like substructures on time scales of only 1078
S.

As in the outer gap models, the neutral surface (i.e. the conal area where
ngj vanishes) plays a very important role in this work. This is because the
current circuit picture certainly does not apply beyond the neutral surface,
as charged particles cannot easily flow from the region of one space charge
to the other. The neutral surface is therefore a natural border for the parti-
cles. This implies that charges accumulate there as soon as a non-vanishing
(quasi-stationary) current flows along an appropriate field line.

For an inclined rotator, particles can drift across field lines and reach
open field lines in the ”correct” space charge region whence they can be
accelerated outwards. Drift becomes possible as charges accumulate around
the neutral surface. Thus the charge density deviates from the Goldreich-
Julian value and perfect corotation is violated.

In the outer gap, particles can be accelerated very efficiently, as all field
lines are ”favourably curved” in the Arons sense. As almost all the potential
difference drops in the outer magnetosphere, pair production can set in,
with the positrons flowing back inwards to reach the neutral surface, and
eventually drifting to field lines, on which they can flow further towards the
neutron star. In Crusius et al. (2001) it is shown that, in principle, an outer
gap scenario can explain the optical, UV and X-ray emission from the Crab
pulsar.

Another advantage of an outer-gap model is that it can clarify the trans-
fer of angular momentum. It is easy to show that the mean distance from
the rotation axis where energy must be converted into radiation or highly
relativistic particles, exactly matches the light cylinder radius. Hence, if
there were an inner gap, where a significant part of the spindown power
is dissipated, another dissipation or decoupling mechanism far beyond the
light cylinder would be necessary.

Summarizing, the standard model is quite unsatisfactory in many ways
and needs to be revised. This work introduces some new ideas which may
help to give a better understanding of the processes in a pulsar magneto-
sphere.
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[...] when she noted a curious appearance in the air;
it puzzled her very much at first,

but after watching it a minute or two

she made it out to be a grin/...].

Lewis Carroll, Alice in Wonderland

2 Observations

2.1 Radio observations

The most detailed information about pulsars are obtained from radio obser-
vations. It was with a radio telescope that Jocelyn Bell discovered the first
of these objects (Hewish et al., 1968). In the meantime several surveys have
increased the number of known pulsars to more than a thousand. Only a few
of them are radio-quiet, that means they do not emit radio pulses. The most
prominent of this group is the X-ray pulsar Geminga, whose parameters sug-
gest that it should be a radio pulsar as well. However, the non-detection of
Geminga in radio frequencies might be due to geometric effects (the radio
beam misses the Earth) or intrinsic (Malov (1994) proposes a model why
Geminga’s radio luminosity is so small).

A comprehensive catalogue of 558 pulsars detected in the radio band
can be found in Taylor et al. (1993) which lists observational data such
as rotation period and its derivative, pulse widths, radio fluxes at 408 and
1400 MHz, radio luminosity, magnetic field strength, spindown power and
characteristic age. The gross features of the radio emission are virtually the
same for all known pulsars. In particular these are the following:

2.1.1 Spectrum

A typical radio pulsar shows its highest flux at low radio frequencies, the
maximum is usually reached between 60 and 400 MHz. For some pulsars,
for which very low frequency data (below 400 MHz) are missing, it is not
too accurately determined. But other cases suggest a mildly rising spectrum
(probably a power law with a spectral index? of about —1/3) below the peak
frequency, whereas above that maximum the flux drops in a power law with
a spectral index of typically 1 - 3 (see figs. 5 and 6). In some cases the data

2Since most observed power law spectra fall towards higher frequencies, the usual
convention is that a spectral index x means S, ~ v—"
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more closely imply a broken power law, that means the spectrum becomes

steeper at higher frequencies®.
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Figure 5:  Distribution of spectral indices of radio pulsars (taken from
Malofeev (1996))

Compared to the smallness of the source, pulsar radio fluxes are very
high. A useful quantity for the intensity of a radio emitter is the bright-
ness temperature Tg. This number denotes the temperature of a blackbody
source required to emit the observed intensity at a certain frequency in the
low-frequency limit:

F,c? R\ 2
T = — 11
B 2rkpr? < T ) (11)

where F,, is the observed flux at the frequency v, R stands for the trans-
verse extension of the radiating source and r for the distance to the observer
(see chapter 5 for a more detailed discussion).

Obviously, Ty strongly depends on the frequency. The brightness tem-
perature is usually evaluated in the low-frequency limit (this approximation
is applicable if the resulting T(w) > hw/kp which is always true for pulsar
radio emission). Pulsar radio emission shows typical brightness tempera-

3Some years ago, a pulsar with a negative spectral index up to several GHz, B1736-31,
has been reported (Taylor et al., 1993)
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Figure 6: Radio spectra for three exemplary pulsars from the sample by
Malofeev et al. (1994). The open circles are doubtful data points. Neverthe-
less in the second case there is a clear hint for a flattening of the spectrum
below some 100 MHz which substantiates the assumption that all pulsars
show a turnover in this frequency range.

tures of up to 102> K which is a clear indicator of a highly coherent process
(see next chapters).

For some pulsars, the spectral shape changes again for very high radio
frequencies (above 10 GHz), where a flattening or even a turnover has been
observed (Kramer et al., 1996, 1997) (see fig. 7). Somewhere between the
high frequency radio range and the X-rays such a turnup has to occur anyway
as the radio emission power laws do not fit the X-ray spectra at all (the X-
ray fluxes exceed the extension of the radio spectrum to keV energies by
many orders of magnitude, cf. fig. 8).

2.1.2 Energetics

The observed radio fluxes allow a rough estimate of pulsar radio luminosity.
The quantity "flux” has the dimension of a power per frequency interval
per area. For simple luminosity estimates the following procedures are sug-
gested:

First, the radiation is assumed to be broadband emission, that means the
flux is taken to be constant over a frequency interval Av = v. If the radiation
were isotropic, the spatial angle would be 47, which means the irradiated
area would be the whole surface of a sphere, whose radius is the distance
to the neutron star. From measurements of profile widths the actual spatial
angle can be obtained. The corresponding fraction turns out to be in the
range of 1073...0.1, where the upper limit is reached for some millisecond
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Figure 7:  Flattening of the radio spectrum at high frequencies. This
turnover is estimated to occur in all pulsars in the vicinity of 10 — 100 GHz.
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Figure 8: Spectrum of the Crab pulsar from radio to v— emission. On the
ordinate, the flux is plotted against the frequency. So although the number of
emitted photons drops towards higher frequencies, the total energy emitted
in harder radiation nevertheless vastly exceeds the radio luminosity as the

frequency band is much wider.

In the microwave and far infrared band

(10'2...10* Hz no pulsed emission has been found yet as the flux (and
especially the broad-band power has a wide minimum there. So it remains
unclear if there is non-thermal radiation in these frequencies or not.

PSR B1133+16
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Figure 9: Mean pulse of PSR 1133+16. The averaged profile provides a,
"fingerprint” of the system, which develops when about 100 or more single
pulses are added up (taken from Kramer).
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pulsars whose profiles tend to be significantly broader than those of normal
pulsars. Taking a typical profile width of 3% (usually the duration of one
pulse is a few percent of the rotation period), Kramer (1995) gives a handy
formula for the luminosity:

L=38-108W (M> (i)z . (12)
mJy / \kpc

Here S409 means the flux measured at 400 MHz, and d is the distance to
the neutron star. From (12) we find that the typical radio luminosities of
pulsars are between 10" and 10?2 W, which transforms into a radio efficiency
(i.e. the ratio of radio and spindown luminosity) of 107%...107% (cf. (1)).

Therefore the radio emission does not greatly affect the global energetics
of the pulsar system as only this tiny fraction of the total energy loss is
caused by radio emission. In other words, the global pulsar structure is
definitely dominated by other dissipation processes (see chapter 6).

2.1.3 Mean and single pulses

If the radio emission of one pulsar is integrated over many periods, the
normalized profile converges to some unique stable shape that can be seen
as a "fingerprint” of the system (fig. 9). These profiles show quite a variety,
and are usually classified by the number of peaks. Apart from a few cases
where two peaks at a phase shift of nearly 180 degrees are observed the
emission pattern is narrow, and shows some central peak and/or two or
more symmetric peaks. Rankin (1983) referred to these different features
of the pulse as ’core’ and ’cone’ components respectively. The flux ratio of
these components can take almost any value; slow pulsars tend to have a
dominating ’cone’ component whereas young, energetic pulsars like the Crab
are 'core’ emitters. Nevertheless, the single pulses are highly stochastic and
do not only vary in intensity but can also have a completely different profile,
em e. g. only one component of a two-humped profile may appear (fig. 10).
In some pulsars even so-called nulling has been observed, which means that
for some periods the emission almost stops completely only to begin again
suddenly later.

Looking at the substructures of the single pulses one can also find sharp
peaks where the flux exceeds its mean value by up to a factor of several
thousands (Boriakoff, 1992) (fig. 11). The Crab pulsar shows such outbursts
on a timescale of less than 100 nanoseconds. Any radio emission model must
be able to produce fluxes as high as that from such small regions in the
magnetosphere.
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Single pulses of PSR 1133+16
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Figure 10:
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Single pulses of PSR 1133+16. It can clearly be seen that

the individual pulses are highly irregular. In the upper part nulling occurs,
meaning no radio emission is detected for some periods. The data are taken
from Kramer (1995).
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Figure 11: Giant pulse radio eruption in the Crab pulsar (Boriakoff, 1992).
The flux enhancement is a factor of several thousands; the brightness tem-
perature goes up to 103! K.

Apart from these giant pulses, the typical 'core’ emitter shows smoother
single pulses than a ’cone’. The reason may be a stronger variation in the
particle flow as the surface cools and the vacuum fields drop. Therefore,
in this case, one should expect a spiky structure caused by highly coherent
single pulses, strongly variable in space and time. As a variable particle
outflow provides optimal conditions for wave growth and coherent emission
(see chapter 4), higher coherence can be expected for old pulsars.

Alone the chaotic behaviour of the single pulses is a clear hint that the
mechanism producing the radio emission is a highly non-stationary one.

2.1.4 Emission heights

Based on the generally accepted idea that radio emission can occur only on
open field lines, pulse profile analyses can be used to estimate the distance
to the neutron star where the radio emission is produced- the emission
height. The first of these calculations was done by Blaskiewicz et al. (1991),
who predicted emission heights between 30 and 100 pulsar radii. These
results have been confirmed independently by another method using timing
measurements (von Hoensbroech, 1995).

Furthermore, observations hint that the high frequencies seem to be
produced closer to the neutron star than low frequencies. This so-called
radius to frequency mapping (RFM) is found to be small, the values are
even marginally consistent with no RFM at all. Mostly the RFM is fitted
by a simple power law
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Tem(v) = Cv" (13)

where C' is a constant of the appropriate dimension and 7 is in the range
of 0.1 + 0.1 Gil & Kijjak (1992), Kramer (1994). In some cases the data
can be explained better if a (positive) offset z( is added (that means the
emission height saturates even for very high frequencies, Kramer (1995)).
But since the effect is small anyway there is not much difference.

At least the study of RFM can definitely rule out coherent curvature
radiation in its widely accepted form since it would predict a RFM of k =
10/17 (Lesch et al., 1998). This value results from the assumption that
plasma bunches with the extension of one Debye length (Ap &~ ¢/wpe) emit
at a distance where the CR frequency equals the local plasma frequency.
As the emitted frequency is determined by the particle energy and the local
curvature radius we obtain a unique solution for the distance where a certain
frequency is emitted. The only free parameter - the pair density - does not
affect the overall scaling and the RFM exponent. We argue that apart from
energetic problems (see the detailed discussion in chapter 4) this is a strong
argument against coherent curvature radiation as a source for radio emission.

2.1.5 Polarization

Another interesting feature of pulsar radio emission is its linear and circular
polarization. Linear polarized emission is found in all pulsars and in most
cases the polarization angle follows a characteristic S-shape suggesting that
it is determined by the plane of a specific magnetic field line that crosses the
line of sight at the moment. Therefore it supports the idea that the emission
has its origin in the region of the open field lines since this geometry would
exactly predict an S-shape such as shown in fig. 12.

Especially the low frequency radiation is sometimes almost fully linearly
polarized. This polarization is another hint that some kind of maser process
is responsible for the radio emission, as only a phase coupled radiator can
produce linearly polarized emission.

Towards higher radio frequencies the linear polarized fraction typically
decreases. In many cases some circular polarized component comes up at
some GHz. We were able to show that in the framework of a Goldreich-
Julian magnetosphere with low energetic particles this circular component
and its properties can qualitatively be explained by propagation effects (von
Hoensbroech, Lesch & Kunzl, 1998). Particularly the model reproduces the
tendency that young, energetic pulsars emit polarized emission up to higher
frequencies than slow pulsars. The principal idea of the model is as follows:
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Figure 12:  S-shape of the linear polarization (the linear polarized part
is shown in black in the profile at the upper part of the figure). Such a
behaviour agrees with a mechanism that emits radiation polarized in the
plane of the magnetic field line (so-called rotating vector model).
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Figure 13: degree of linear polarization versus the distance from the neutron
star (left) and frequency (right) for a "standard pulsar” with P = 0.6 s,
P = 107'%6 and an inclination angle of 45° for only one natural mode at
a time (case 1). If the decoupling distance is e. g. 0.3 of the light cylinder
radius (as assumed in the right plot), high frequencies already show circular
polarization whereas the low-frequency radiation is still linearly polarized.
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Radio emission of all frequencies is produced at a distance of typically a
few percent of the light cylinder radius. As it is highly coherent, it can be
taken to be polarized in the same way as the natural modes in the plasma.
These are, however, elliptical, due to the magnetic field. To observe a net
polarization at all, we cannot have both modes at the same time, as this
would give unpolarized emission. Polarized radiation can be observed in two
situations:

(1) Only one natural mode is emitted at a time;
(2) Both natural modes are produced at the same place and time, but be-
come separated by birefringence.

As a simple approximation, we can compute the polarization for a cold
single-charge plasma with GJ-density. The angle of the emitted wave to
the magnetic field line is given roughly by 1/Ybeam, where Ypeam denotes
the Lorentz-factor of the radiating beam plasma. As the wave propagates
outwards it is surrounded by background plasma that may have a differ-
ent Lorentz factor y,s. Now the natural modes are given by the dielectric
tensor for the magnetized electron plasma (see Melrose & Stoneham, 1977,
Melrose, 1979). Calculations show that the model allows a wide range for
the parameters Yheam, Ybg and the polarization limiting distance (i.e. the
distance at which the wave decouples from the plasma and does not change
its polarization any more) without affecting the qualitative picture.

For the calculations the effects have to be integrated in the actual pulsar
geometry along the magnetic field line starting at the emission distance and
integrating up to the decoupling distance. This means, a dipolar structure
modified by aberration (Phillips, 1992) and magnetic sweepback (Shitov,
1983) (as the magnetic field cannot keep corotation at the light cylinder)
has to be used.

In case 1 we find that the radiation is almost linearly polarized at the
emission region, but soon acquires a growing circular component as it travels
outwards. Especially there is a strong frequency dependence, in the sense
that the low frequencies still remain linearly polarized, whereas the high
frequencies already have considerable circular polarization (see fig. 13). If
the decoupling distance is chosen appropriately (e.g. 20% of the light cylin-
der radius) the mechanism produces linearly polarized low-frequency and
circularly polarized high-frequency emission.

In cases where the ratio of circular and linear polarization is known
for different frequencies, the background Lorentz-factor and the decoupling
distance are connected (von Hoensbroech et al., 1998), as the transition
frequency depends on the particle energies and the polarization-limiting ra-
dius. Three pulsars , PSRs 0144459, 1737-30 and 1913+10, can be used for
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detailed parameter studies (von Hoensbroech & Lesch, 1999). It turns out
that, for a fixed 7y, the relative polarization limiting region is the same for
all three examples (cf. fig. 14). Moreover, the data are consistent with a

mildly relativistic plasma and a large decoupling distance (see von Hoens-
broech & Lesch, 1999).
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Figure 14: ratio of linear and circular polarization for the three pulsars PSR
0144459, 1737-30 and 1913410. The theoretical prediction fits the observed
data strikingly well. Note that the model predicts a power law scaling with
R ~ v~! but not the prefactor. This proportional constant, however, varies
only by a factor of 2 for the three pulsars (which have entirely different
characteristic ages and periods) and may be a complicated function of P, P
and other parameters.

Case (2) could be used to investigate the depolarization observed at
high frequencies. We compute the difference of the refractive indices of both
modes, giving a hint about where the two modes become separated. This
difference decreases strongly towards higher frequencies implying that if both
modes are excited simultaneously they will separate for low frequencies, but
are still superimposed for higher v. Therefore, in the low frequency range,
only one (polarized) mode at a time is observed, whereas above some GHz
the two modes still overlap and cause depolarization. Furthermore, the
model predicts that for pulsars with a large spindown, depolarization sets
in at higher frequencies than for slow pulsars, as the difference of refraction
indices grows with E. Such a behaviour is in fact observed (Gould & Lyne,
1998).

In some cases the swing of the polarization angle does not show the
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characteristic S-shape, but jumps by 90 degrees. These so-called orthogonal
polarization modes, OPM (shown in fig. 15), are believed to occur when one
wave mode (usually the dominant one) is replaced by the other, which is
orthogonal to the first. Why this happens, is unknown. In cases of circular
polarization, these OPMs normally show a sense reversal of the circular
component. The phenomenon of OPM seems to be quite common, as almost
all pulsars where polarization can be analyzed show this effect.

2.2 High frequency emission

All observations of pulsars above the radio band are much more difficult
than low frequency observations, as the fluxes are far lower. This is because
the emission, though non-thermal, appears to be incoherent (typical X-ray
temperatures are only about 10 K if the radiation is taken to be thermal).
Together with the small spatial extension of the radiating source, this limits
the flux to values far below the low frequency radio fluxes. From the optical
to the y-emission the power rises, but the flux still declines, which affects
the resolution of observations. The Crab pulsar can be detected from radio
to - frequencies. The corresponding pulse profiles are plotted in fig. 16.

2.2.1 Infrared, optical and UV emission

Only few pulsars can be detected in the band between radio frequencies
and X-rays. For most of them, only upper limits of the fluxes can be given
and no spectral information or pulses can be resolved. So it is likely that
this class of objects are cooling neutron stars emitting blackbody radiation.
Pulsed emission has been found for the middle-aged pulsar PSR 0656+14
(Pavlov et al., 1997) and for the three young pulsars PSRs 0531421 (Crab),
0833-45 (Vela) and 0540-69. Nasuti et al. (1997) find almost flat spectra for
all three of these objects though the spectral resolution of the Vela optical
pulses is fairly poor (see fig. 17). At least the results strongly hint towards
a non-thermal optical spectrum that cannot be fitted properly by assuming
a blackbody source.

Optical pulses from the Crab pulsar were found soon after the discovery
of pulsars (Cocke et al., 1969). Recently even single optical pulses have been
resolved (Mantel (2001), see fig. 18). For PSR 1706-44 there are upper lim-
its from a non-detection (Mignani et al., 1999), for PSR 1509-58 it is only
known that the optical luminosity cannot be fitted simply by extending a
thermal spectrum with its peak in the X-rays (Nasuti et al., 1997, Caraveo
et al., 1994) to lower frequencies. Other optically detected pulsars are PSRs
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Figure 16: Pulse profiles of the Crab pulsar from low frequency radio emis-
sion to v-rays. It can be seen that the profile width does not change signif-
icantly from radio to high-frequency emission.

0633+17 (Geminga), 1929410 and 1055-52 (Becker & Triimper, 1997) but
no pulsed emission has been resolved yet. The Crab pulsar has an optical
efficiency of about 1075 of the spindown luminosity, for the other exam-
ples mentioned, this fraction is considerably lower. We could show recently
(Crusius et al., 2001) that an outer gap model with copious pair produc-
tion could explain the non-thermal emission from the optical to the X-rays
via synchrotron emission. Details of our high-frequency emission model are
described in chapter 6.

For obtaining more precise information on emission processes and other
general features of pulsars’ optical emission too few well-observed optical
pulsars are known.

2.2.2 X-ray emission

X-ray pulsars are, of course, not observable from terrestial telescopes, as
the high energetic radiation is absorbed by the Earth’s atmosphere. So the
first X-ray source, was traced by a detector launched in a rocket. Later
the object was found to coincide with Sco X-1. Subsequent flights led to
the discovery of the Crab pulsar or the corresponding supernova remnant
as the brightest object on the X-ray sky (Bowyer et al., 1964). Also many
accreting neutron stars are visible in X-rays.
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Figure 17: optical spectra of three pulsars (Nasuti et al., 1997). For all
examples (Crab, Vela and PSR 0540-69) the spectra appear to be almost
flat.
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Figure 18: Individual optical pulses observed from the Crab pulsar by
Mantel (2001)
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Despite a number of subsequent missions of various satellites and at-
mospheric balloons, most of what we know about X-ray pulsars has been
detected by ROSAT (Triimper, 1983), which was active between 1990 and
1998 and covered an energy range from 0.1 to 2.4 keV. The satellite ASCA,
launched in 1993, allows observations up to 12 keV and thus provides a
valuable extension of the ROSAT spectra towards higher energies (see fig.
19).
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Figure 19: X-ray spectrum of Geminga taken from ROSAT and ASCA ob-
servations. The shape of the spectrum suggests a power law with a spectral
index of around 1-2 for the high energies (above 1 keV) and a soft thermal
component with a temperature of some 3 - 10° K.

Up to now, almost 40 X-ray pulsars have been identified, amongst them
the youngest and most energetic, some middle-aged, and a number of mil-
lisecond pulsars (Becker & Triimper, 1997). Most of them are also radio
emitters but there are a couple of radio quiet objects, emitting pulsed X-
rays. Only three of them have been identified as neutron stars by fixing
the pulse period and by positional coincidence with a supernova remnant.
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These are Geminga (P = 295 ms), 1E 1207-5209 (P = 424 ms, Zavlin et
al., 2000) and the point source RX J0822-4300 in Puppis A (P = 75 ms,
Pavlov et al., 1999). Several other sources near supernova remnants have
been detected but no pulsed emission has been found yet. These objects
should also be visible in the radio band as their parameters are probably
comparable to those of radio pulsars.

Another group of radio-quiet X-ray sources that are supposed to be neu-
tron stars are the so-called anomalous X-ray pulsars. Their periods are
in the range between 5 and 12 s whereas the spindown rate is as high as
10~ typically. If the braking was only due to magnetic dipole braking this
would imply field strengths of 10! to 102 T (so-called magnetars). This
assumption is, however, not generally accepted.

Some very weak compact X-ray sources that do not coincide with a
supernova remnant have been found. These objects are likely to be cooling
neutron stars with a temperature of typically 7 - 10° K. The radiation of
these objects is probably of thermal origin.
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Figure 20: Pulsed X-ray luminosity (ROSAT band) vs. spindown power
(Becker & Triimper, 1997). The data show a clear, almost linear correlation
(the formal power law fit yields Lx ~ (—Epo)04).
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Radio-loud X-ray pulsars can be classified as follows:

The young X-ray pulsars as Crab and 0540-69 typically show a strong
power-law component with no detectable thermal contribution apart from
the (unpulsed) cooling emission. A thermal component cannot be traced,
maybe because the non-thermal X-ray flux is dominating even for soft X-
rays. Moreover, the profiles of the radio and the X-ray pulses appear to be
aligned.

The X-ray spectrum of a bit older (”Vela-like”) pulsars, however, can
usually be fitted by a pulsed soft thermal component (e.g. from a hot spot,
maybe modified by the magnetic field and the pulsar’s atmosphere (Zavlin
et al., 1995)) with a temperature of around 10% K (Page & Sarmiento, 1996)
and a power law spectrum at the higher energies. As a consequence of the
smaller spindown and the lower X-ray luminosity than for Crab-like pulsars
the thermal component appears in the soft X-rays whereas the temperature
is far too low to produce significant powers of harder thermal emission.

The X-ray spectrum of middle-aged pulsars is already dominated by
thermal emission in the soft X-rays. This thermal component is still modified
by the pulsar’s hydrogen atmosphere and the strong magnetic field (Zavlin
et al., 1995). However, this group still shows a hard, non-thermal power
law component (see fig. 19 for the prominent example Geminga?*). The
surface temperatures appear to be a little below those of Vela-like objects
(3-105...1.2-10% K) which is in accordance with the cooling models.

Also a few old nearby pulsars can be detected in X-rays. ROSAT
and ASCA found high-energy emission from PSRs 1929+10, 0950408 and
08234-26. The spectral and temporal resolution of these objects is still too
poor to determine whether the emission is thermal or pulsed. Only PSR
1929+10, broad X-ray pulses have been found (Yancopoulos et al., 1994).
Becker & Triimper (1997) found that the spectrum could be reproduced
both by a thermal as well as by a power-law fit.

For most millisecond X-ray pulsars only soft emission (around 1 keV)
has been found apart from PSR 1821-24 which has been detected up to 17
keV.

Among the pulsed X-ray sources there is an almost linear correlation
between X-ray and spindown luminosity (Becker & Triimper, 1997) as the
X-ray efficiency is close to 1073 for all known examples (see fig. 20). This
correlation is a clear hint to a strong connection between X-ray emission
and loss of rotational energy.

40f course, Geminga is radio-quiet but its parameters very alike those of radio pulsars,
so it is sorted into this group.



34 2 OBSERVATIONS

The new missions Chandra and XMM Newton will provide us with better
data, and maybe give some new insight on the processes responsible for the
X-ray emission.
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Figure 21: Observation in y-rays from PSR 1055-52 (from Thompson et al.
(1999))

2.2.3 ~- emission

Even very high energy emission has been detected in pulsars. For various
reasons, however, the data are not very detailed. Only seven pulsars show
~- emission and some of them are only ”detected” by positional coincidence
as the low fluxes allow only a poor spatial and temporal resolution. At least
the rather flat power law seems to extend to the GeV range (see fig. 21)
leading to a considerable efficiency of «-emission which can be up to about
10% of the spindown luminosity. The y-emitters are exclusively young and
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middle-aged pulsars whose efficiency even seems to increase with age (the
data suggest a correlation L., ~ E1/ 2). But this might be a selection effect as
the spindown luminosity declines with increasing age, so less efficient older
~- emitters cannot be detected any more.

~- pulsars can typically be observed up to GeV energies, from the Crab
pulsar even TeV emission has been detected. For the very high energies,
however, it is not sure whether the emission is magnetospheric (pulsed) or
created in the wind and therefore unpulsed, or at least not fluctuating with
the rotation period. Nevertheless it is a clear indicator that, somewhere in
the pulsar system, particles must be accelerated to TeV (corresponding to
a Lorentz factor of more than 10° for electrons). This means that at least
young pulsars can produce ultra-relativistic particles at a place where energy
can be converted into escaping radiation. Thus the high frequency emission
provides additional restrictions to models of the pulsar magnetosphere.

We next discuss widely accepted models for radio emission, as this fre-
quency band allows the most detailed observations. Several theoretical
models proposed mechanisms how the large rotation-induced voltage can be
transferred into particle energy and subsequently into highly coherent low-
frequency radiation. This is particularly interesting as it is not self-evident
why a potential of 10 V can produce particles which radiate coherently
at photon energies of ueV. However, the GJ solution would prevent any
acceleration and therefore must be violated somewhere to produce radiating
particles at all. So candidates for acceleration regions had to be proposed.
Additionally the models lead us to the first attempts of explaining pulsar
radio emission in the framework of the GJ description. One of the early
ideas subsists to this day and is the basis of most modern theoretical work
on pulsars.
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"How do you know, that I’'m mad?”, asked Alice.
”You must be mad”, said the Cat,

Zor you wouldn’t have come here.”

Lewis Carroll, Alice in Wonderland

3 Radio emission models

3.1 Inner gap models

In this section we discuss some widespread models of the magnetosphere
which assume an acceleration region, close to the neutron star surface, that
is shortened by copious pair production. There are four basically different
types of inner gap/ pair cascade models.

3.1.1 Ruderman-Sutherland model (”starved magnetosphere”)

The first (and most natural) model containing an inner gap was proposed by
Sturrock (1971) and elaborated more precisely a few years later with a more
likely boundary condition (Ruderman & Sutherland, 1975). Here the basic
ideas of that model (henceforth RS model) are outlined, and a schematic
view is given in fig. 22.

Radio pulsars are assumed to be almost antiparallel rotators meaning
that  and B make an angle of almost 180°. In this case the GJ charge
density above the polar cap has a positive sign. Now, if the binding energy
of ions is considerably higher that that of the electrons, it is possible that
electrons may flow freely from the surface, whereas ions cannot. Therefore
the neutron star cannot supply the magnetosphere with positively charged
particles which means that, close to the polar cap, the density will be far
below the GJ value. This is called a "starved magnetosphere”.

In this region any charged particle would be quickly accelerated, in one
or the other direction, by an almost unshielded vacuum field, and therefore
reach highly relativistic energies. RS consider a mechanism called single
photon pair production, a purely quantum mechanic effect that occurs only
in very strong magnetic fields. The important quantities for this process
are the perpendicular magnetic field (meaning the component normal to
the photon’s momentum) and the photon energy. The process only works
effectively if the former is comparable to the critical magnetic field B¢ (see
below), or the latter vastly exceeds the electron rest energy. Thus a high
energetic photon that moves under a large angle to the magnetic field can
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Figure 22: Schematic picture of the Ruderman/Sutherland model. In the
inner gap just above the polar cap a significant fraction of the total voltage is
dissipated and a dense pair plasma with about 10 secondaries per primary
particle flows out. Energetic primary particles emit hard curvature radiation
which is supposed to initiate the particle-production avalanche.

be absorbed by the latter, and materialize into an electron- positron pair,
schematically:

Y+ B—et+e +B. (14)

The magnetic field absorbs the momentum, which makes this process
possible even in the absence of another particle (in vacuum the process is
impossible, since it would violate momentum conservation).

Single photon pair production has been carefully studied theoretically.
The crucial parameter for the efficiency is the product of the normalized
magnetic field, perpendicular to the photon momentum, and the normalized
photon energy. If its value is far below unity (which is the case in most inner
gap models), the loss length can be expressed by an approximation given by
Erber (1966):

lloss =

4.4 \c [ BL >—1 4/(3%)
=== 1
QaFs 27 <Bcrit ¢ (15)
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where A\c = h/(mec) is the Compton wavelength of the electron, arg =
1/137.037 denotes the fine structure constant and By = (m2c?)/(eh) =
4.414 -10° T is the critical magnetic field.

o B 1 hw
Berit Tnec2

(16)

is the dimensionless strength parameter on which the efficiency of the
process strongly depends.

The initiating process of the gap closure (producing a pair by converting
a y-photon coming from the outer regions of the magnetosphere) makes no
difficulties, since the pitch angle is likely to be quite large (that means B
and B are comparable). Therefore a GeV photon will suffice.

RS argue further that these primary particles will be accelerated to ul-
trarelativistic energies by the parallel electric field, and emit energetic cur-
vature radiation as they travel along the curved field lines. But due to the
relativistic lighthouse effect, the initial pitch angle is close to zero. Since the
path of the photon is unaffected by the magnetic field, however, the pitch
angle increases as the photon travels outwards, due to the dipolar geometry.
At some place the pitch angle becomes large enough to make another pho-
ton splitting possible. Ruderman & Sutherland (1975) assume that a value
of about x = 0.15 is enough to initiate the pair avalanche. But since in
most pulsars By < Bt and always B| < Bgit, especially in slow pulsars,
maybe only y = 0.05 might be reached for a RS-type gap, which means no
pair cascade at all.

The so-called secondary particles are now likely to have large pitch angles,
meaning they can emit hard synchrotron emission almost perpendicular to
the magnetic field, apart from being accelerated along B as well. So a
cascade develops, until all accelerating fields are shortened by the affluence
of charged particles. The density of this pair plasma is believed to exceed
the GJ value by a factor of about 10*. This plasma will flow outwards, and
the whole process starts again.

A quantitative description of the RS model is as follows:

The potential difference available is taken to be the full voltage between
the pole and the edge of the polar cap. For the (anti-)parallel rotator its
value is

2c

where Bg is the dipolar magnetic field at the pulsar surface in units of
10% T.

P -2
AV = =6.6-101%V (—) Bg (17)

S
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This potential difference allows particle Lorentz factors of about 107.
Such particles emit curvature radiation with a characteristic frequency at

3 ¢ 3
= —— 18
v 41 R¢ (18)

The curvature radius R¢ for a purely dipolar field can be approximated
by

4 1/2 Py -1/2
Ro= -7 ~6.5-10°m (—) 1/ (19)
3 sin Ocap S

for a field line at the edge of the polar cap. The value taken in the
RS model is much smaller than the dipole result (19). This is because
the standard model assumes small-scale multipole components, close to the
surface, that do not affect the gross structure of the magnetosphere, but
significantly reduce the local radius of curvature. The multipoles (or an
off-centered dipole, which would enhance the magnetic field strength on the
surface) are necessary to obtain large enough values for y. Having the purely
dipolar magnetic field placed in the neutron star centre alone, most pulsars
would not be able to initiate a pair avalanche as described in the RS model.

If the pair density exceeds the GJ density by a factor of M, or roughly
Ngee = Mngy = Mnprim when the cascade terminates, the typical Lorentz
factor can be roughly estimated by

Vsec = %ﬁ (20)
as a function of the primary Lorentz factor. This handy formula is valid if
the energy of primary particles is fully converted into secondary pairs, and
the primary density is equal to ngy. In reality, (20) is an overestimation
because on the one hand a certain percentage of the energy will be lost into
escaping radiation, furthermore the primary density must be smaller than
the GJ value because otherwise there would be no acceleration, and thus
the multiplication factor exceeds M as defined above.
The non-stationary discharge means a ”sparking”, i.e. dense plasma
clouds separated by voids, which naturally provide the bunches needed for
coherent radio emission. In this environment, curvature radiation hits the

radio band if the emission height x in (19) is about 100 and ~ is a few
hundreds.
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3.1.2 The Arons model (slot gaps)

Arons & Scharlemann (1979) proposed another idea of how particle accel-
eration close to the neutron star can be possible. The authors assume a
nearly parallel rotator which can supply enough particles (here electrons) to
reach the GJ density right above the surface. They then consider a slightly
oblique rotator (see fig. 23). In (7) the (parallel) GJ density is modified by a
cosine factor which depends on the azimuthal angle. For an oblique rotator
there are two types of field lines: on one half the geometric correction factor
rises when one moves outwards along the field line (in Arons & Scharlemann
(1979) they are called ”favourably curved”), whereas on the other type the
situation is vice versa. On such ”"unfavourably curved” field lines no radio
emission would be possible. A relativistic plasma element with GJ- den-
sity moving along a favourably curved field line becomes underdense further
outwards. This means that the accelerating fields are not perfectly shielded
any more, and acceleration is possible. A more detailed discussion of these
effects can be found in section 6.

For a purely dipolar geometry Arons & Scharlemann (1979) find

P

—5/2
AV =3.58- 10"V <:> Bg(z —1) (21)

with  — 1 < 1 being the extension of the gap in units of pulsar radii.

Due to the strong dependence of the rotational period voltages sufficient
to initiate a pair cascade (analog to the RS model) are reached only for
periods well below one second or for high multipole components near the
surface (Beskin (1999) gives a limit of about 0.1 to 0.3 s). Especially for the
newly discovered 8.5 s pulsar J2144-3933 (Young et al., 1999), dominating
small scale multipole components or an extremely off-centered dipole (the
dipolar centre must be only about 1 km below one polar cap) are required
to make the model work (Arons, 2000).

The Arons model could still be valid even for slow, old pulsars, if one
considers inverse Compton scattering (ICS) instead of curvature radiation,
as the former can produce harder photons from the same particle energy.
Additionally, effects of General Relativity (GR) (Muslimov & Tsygan, 1992),
alter the GJ-density profile and make all field lines ” favourably” curved close
to the surface (Zhang et al., 2000).
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Figure 23: Slot gap model for an inclined rotator. In this model radio
emission is expected only from ”favourably curved” field lines, as only field
lines curved towards the axis allow an underdensity of charges, and can
therefore have accelerating fields. The model was proposed by Arons and
his group (Arons & Scharlemann (1979)).

3.1.3 The Shibata model

In Shibata (1997), Shibata et al. (1998) a third inner gap idea is described.
Similar to the Arons model it also uses the geometric effect of field line cur-
vature in an oblique rotator. But in contrast to the former, Shibata assumes
a fixed current flowing off the surface (which is necessarily a little below the
relativistic GJ current jg; = ngyec). Provided j(r)r3/ngj(rns) = const.
on the field lines bending away from the rotation axis (the "unfavourably
curved” ones in the Arons model), the density has to drop, which can only
be achieved by accelerating the particles.

As the velocity of the electrons is limited by ¢, sooner or later the GJ
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density has dropped so far that, even for particles moving with the speed
of light there would still be an overdensity. That means the particle energy
would grow exponentially until the pair cascade sets in and shields the ac-
celerating fields. But even this requires a fairly high pair multiplicity of at
least 10% or even more.

On the "towards” field lines the necessary density increase can easily
be obtained by slowing down the particles to subrelativistic velocities. The
simulations show that, on these field lines, damped oscillating solutions will
occur (Shibata, 1997).

3.1.4 The model of Michel (inertia acceleration)

Michel (1974) and Fawley et al. (1977) have analyzed effects caused by the
finite particle mass. This means that a particle gaining energy is acceler-
ated or, in other words, its velocity is always below c. Neglecting field-line-
curvature (i.e. the monopole case) one can find a self-consistent solution
from the boundary condition that the particle energy rises asymptotically
to a maximum value. Let the maximum Lorentz factor be 7g, with the cor-
responding normalized velocity, 89 < 1. The two boundary conditions that
have to be fulfilled for large distances are dy/dr = d%y/dr? = 0. The first
means a vanishing parallel electric field for the maximum velocity, whereas
the second guarantees the asymptotic solution.

The one-dimensional case has been studied by Michel (1974). In this
case the transverse variation scales of the potential are assumed to be much
larger than the parallel extension.

For a current density of jj the corresponding density of the surplus charge
proves to be

p—pcs = (81— B)jo/ (BBoc) (22)

with 31 = jo/(ngyec) < Bo being the velocity where the d2vy/ds? changes
sign. (There is an error in Michel (1974) as he sets §1 = [y and uses the
wrong form for the Laplacian in the expression after his eq. (3). The fact
that 81 < [y can easily be understood as the second dervative of v has
to change its sign twice. A correct discussion of the one-dimensional case
can be found in Fawley et al. (1997)). This result can be inserted into the
Poisson equation

1d [ ,dé\ 26
e G (23)

where ¢ is the electric potential and
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in spherical coordinates.

Solving the Poisson equation for the extreme relativistic limit and un-
der the assumption that the region of most effective acceleration is narrow,
Michel (1974) finds a maximum Lorentz factor of about

Y0 = V20 (25)

where

2
o= 63977"315‘ (26)
MeC

The two-dimensional case is discussed in Fawley et al. (1977). It includes
a finite perpendicular variation scale K ! which adds one more term Vi@ =S
—K?® to Poisson’s equation. The main difference is that the current density
must be slightly higher than the relativistic GJ-value in contrast to the one
dimensional case where both the asymptotic values for 5 and n/ngjy are
below 1.

Inserting typical pulsar parameters, one finds that the resulting particle
energies are around 10* for normal pulsars and some 10° even for the Crab
pulsar. This means that in this scenario no pair cascade, like in the other
inner gap models, is possible. But then the question is, what radio emission
mechanism would apply in this model since neither the classical curvature
radiation description nor a plasma instability is applicable.

3.2 Outer gap models

The first outer gap model was proposed soon after the inner gap idea by
Cheng et al. (1976), Cheng & Ruderman (1977). However, the currently
discussed idea is that the neutral line plays an important role for the accel-
eration. The basic principle was shown by Cheng et al. (1986) for an almost
antiparallel rotator.

Within the framework of the RS model there are two types of open field
lines. One type lies entirely in the positive region, whereas the other crosses
the neutral surface to extend into the region of negative GJ charge. The
latter is the one sort which is supposed to be responsible for the outer gap.

On the outside of the neutral surface (a negative region), the electrons
can flow freely across the light cylinder and leave a partial void, which acts
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like a positive space charge, as the shielding charge density is negative. This
space charge repels positrons approaching the neutral surface from inside,
so that the plasma density in the vicinity of this separation line will be very
small. The basic principle of the outer gap model is depicted in figs. 24 and
25.

K
1 SixT1=C

bmimand e &

Figure 24: Sketch of the almost anti-aligned pulsar with the flowing currents
and the development of the outer gap near the neutral line (taken from
Cheng et al., 1986). The three indicated regions are the open field lines that
do not cross the neutral line (I), the proposed outer gap region (II) and the
closed field lines (III).

The depletion zone will grow until it is large enough to allow a sparking
as in the RS model, meaning the gap is closed by copious pair-production.
Of course, in outer gaps, single photon pair-production is no longer possible
as the magnetic field strength is much too small. But processes like v —
~ interaction or e — = collisions - so-called triple electron pair production
(Mastichiadis et al., 1986) - could be sufficiently effective to start a pair
cascade. To show this we roughly compute the energy loss of a highly
relativistic particle due to the second effect using fig. 10 from Mastichiadis
et al. (1986). The quantity
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L :=—dE/(mec*dt) - 1/(nyc) (27)

as defined in Mastichiadis et al. (1986) reaches about 1072t cm? = 10725 m?
for a Lorentz factor of 10 and does not depend strongly on the photon
energy.

The thermal photon density can be roughly estimated by dividing the
total blackbody radiation from the hot neutron star by the mean photon
energy and considering the spatial angle at which the neutron star appears.
This yields

Ny = ospTz ™2 (kBT)il = 4.11-10% m™%~! Tg)fU_Q (28)

where ogp is the Stefan-Boltzmann constant and Ty denotes the neutron
star surface temperature.
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Figure 25: Detailed view of the vicinity of the neutral line (taken from
Cheng et al., 1986). The electrons drift out towards the light cylinder,
whereas positrons from inside are repelled by the positive charge that builds
up through the lack of electrons. So the gap grows until it is filled by the
pair production sparking.

Inserting all numbers we find a loss rate of
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dry 3 —1( z >_2 3
Y q10135 () T 29
dt > 1500 6 (29)

for v = 10°.

This means that especially for quickly spinning (x small) or hot pulsars
the process is quite efficient. The actual loss rate will be even higher, as the
photon density increases, once the process is started, because of synchrotron
and curvature radiation.

Cheng et al. (1986) find a typical maximum voltage of 2 - 105 V for
a narrow gap (ratio of width and length of 0.1) and Crab-like parameters.
This voltage is reached along the central field line of the gap and drops
towards its boundaries in a parabolic shape for the rectilinear approximation
(neglecting field line curvature), when the cylindrical boundary is taken to
be an equipotential.

Hirotani & Shibata (1998a, 1998b) modelled a self-consistent outer gap
with the current density as a free parameter. Balancing acceleration by the
electric field with losses due to curvature radiation for currents between 0.01
and 0.2 of the GJ current jgj := ngyec, they find terminal Lorentz factors
of a few 107, which are sufficient to initiate a pair cascade by the processes
mentioned above. This cascade is consistent with observations, since in the
Crab nebula a plasma wind is observed whose density is much higher than
a pure GJ flow would provide. Rough estimates of the wind density can
be obtained via the X-ray luminosity of the wind as the magnetic field in
the wind zone is known and therefore the particle energy and the single-
particle synchrotron luminosity can be derived. If the nebula is fed only by
particles the number of outflowing particles in the Crab pulsar must exceed
the Goldreich-Julian flux by a factor of 10* (Arons, 1983). This number
arises from the assumption that almost all of the pulsar’s spindown power
is fed into the nebula (even the 7- fluxes observed are only up to 10% of
the loss of rotational energy) and an estimate on average particle energies.
These can be fixed fairly well from synchrotron X-ray emission from the
wind. The total particle flux into the wind in units of the GJ flux reads

. P\ 2
N = 2AcapngyeM = 2.7-10%s71 M <—) Bs. (30)
S
Together with the total spindown power given in eq. (1) we then find an

energy per particle of

P 2
Fyina =1.4-107%) <—> BsM ™! (31)
S
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which corresponds to a Lorentz factor of

Fui P\ 2
Ywind = ““;‘ =1.7-107 (—) BgM 1. (32)
meC S

(<]

As the X-ray emission in the wind suggests only Lorentz factors of a few
1000, we need to have M >> 1 in any case, especially for the young, energetic
pulsars.

A clear advantage of outer gap models is that they explain in a natu-
ral way why the light curves of a pulsar look quite different in radio and
high frequency ranges, in the sense that high energy profiles tend to be
broader. There are a few exceptions such as the Crab pulsar, where this
profile broadening does not show very clearly (see fig. 16). This might be a
geometric effect, as the Crab is an almost orthogonal rotator. Additionally
the phases at radio and high frequency emission are usually non-aligned as
shown (fig. 16).

Chiang & Romani (1994), Yadigaroglu & Romani (1995), Romani (1996)
have modelled the light curves and spectra in the v-range in the framework
of an outer gap model, and find them to be consistent with observational
results. Concerning the mechanism responsible for the high frequency radi-
ation, we could show that small and large pitch angle synchrotron radiation
can explain the complete spectra, and the energetics of the emission above
the infrared, for the Crab pulsar (Crusius et al., 2001). For the calculations
we used an outer gap model of the Cheng et al. (1986) type. To obtain the
correct luminosities the idea requires an efficient pair cascade, with a density
exceeding the GJ value by about 10* which is consistent with the observa-
tionally deduced wind density from Chandra X-ray observations (Weisskopf
et al., 1999).

3.3 A critical discussion of inner gap models
3.3.1 Surface particle emission and polar gaps

Though the original RS model was formulated for an antiparallel rotator,
it could also be applied to the parallel case. For an almost parallel rotator,
however, RS models can work only as long as the binding energy for elec-
trons is high enough to prevent sufficient electron emission from the surface.
Particles are drawn from the surface by several well-studied effects. We
have shown that thermal and field emission of electrons can usually shield
the field on the surface completely (Jessner et al., 2001). Our arguments
will be briefly discussed in the following:
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The relevant fundamental surface emission processes are accepted to be
field and thermal emission. Thermal emission was detected by Edison (1884)
and studied quantitatively by Dushman (1930). Fowler & Northeim (1928)
performed detailed calculations on field emission from metal surfaces. Their
results have been confirmed by many experiments.

Both processes are strongly dependent on the binding energy Fywy. Field
emission furthermore depends on the Fermi energy Ew, which in turn can
be estimated from the density on the pulsar surface:

orinie? [ pz 2
Br() = g ( Amp) - (3)

Here Z and A denote the element number and the atomic mass num-
ber respectively. Using a Thomas-Fermi-Dirac-Weizsacker approximation,
Abrahams & Shapiro (1991) estimated the mass density for iron in the cold
limit to be 2.9 - 105kgm™3. Inserting the values for iron, A = 56, Z = 26
and a typical surface magnetic field B = 10® T, the Fermi energy evaluates
to 417 eV. As a first approximation we can use Eyw = Ep.

For a relativistic flow of electrons from a cold cathode, a number density

of
2 [E E2 Ao B2
nged(Eo) = 0 _exp (-———————Jﬂl- (34)

2whe\| Ey Ew + Eg 3heEy

is found in Fowler & Northeim (1928) where Fj is the electric field.

The other effect, which is even more important, is a purely classical one.
Thermal surface emission occurs because, due to the energy distribution
function, there is always a fraction of particles whose energies exceed the
binding energy.

The number density of electrons emitted from a hot metallic surface in
the presence of an electric field is given by the Dushman equation (Dushman,

1930)

mek Ew e el
T, Ey) = ——B_717? -
nos (T, Eo) om2ch ¥ ( ksT * ksT 47T60> (35)

with the Boltzmann constant kg.

As can be seen from figure 26, both effects can easily supply the GJ
density, apart from (unrealistic) cases where the binding energy is extremely
high, and both temperature and electric field are very small.
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Figure 26: Electron densities by thermal and field emission compared to
the GJ density for an electron binding energy of 417 eV. Thin solid line:
thermal emission, dots: thermal emission with the Schottky effect, thick
solid line: cold cathode emission.

The ion binding energy appears to be similar to those of the electrons
Abrahams & Shapiro (1991). So we can conclude that the RS model is very
unlikely to be applicable for pulsars in its present form, unless the estimates
for Ew are significantly wrong.

3.3.2 Further criticisms on existing gap models

The three inner gap models with a pair cascade all suffer from various other
difficulties. First of all, each of them uses some doubtful assumptions which
are discussed in the following.

The classical RS model requires an antiparallel rotator. On the one hand
in the meantime, pulsars with either positive or negative sign of Q- B have
been found, so that the binding energy argument mentioned above applies.
Furthermore, it is even doubtful if the binding energy of ions is large enough
to maintain a RS gap in an antiparallel rotator.

Apart from that, the existence of sufficiently strong small-scale high mul-
tipoles is not sure, and in a purely dipolar geometry the pair cascade is only
possible for very energetic pulsars. Multipoles are necessary to produce small
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curvature radii and stronger magnetic fields, both allowing harder curvature
photons and larger pitch angles between the photons and the magnetic field
lines. As these multipoles do not contribute to the magnetic field in the
emission region, they cannot be detected observationally. Therefore there is
no independent strong argument for small scale multipole structures.

Even with the inclusion of GR effects (Muslimov & Tsygan, 1992), the
death line would not be altered significantly. An alternative mechanism for
the production of seed photons for the cascade would be inverse Compton
scattering of thermal photons and ultrarelativistic particles, which would
ease the constraints on the field topology. But this mechanism predicts
”death lines” that run through the middle of the pulsar population in the
P—P diagram, which would mean two different groups of pulsars that do
not show an observable difference (Zhang et al., 2000).

The Arons model can only work for rapidly rotating pulsars, due to
the strong dependence of the voltage of the period. Beskin (2000) gives a
maximum period of a few tenths of a second. The classical slot gap idea
is also in contradiction to observations, finding radio emission from both
"favourably” and ”unfavourably” curved field lines (Lyne & Manchester,
1988). The latter problem is solved by including effects of General Relativity,
which make every field line a ”favourably curved” one close to the neutron
star. Nevertheless the energetic problem remains, since the voltages in the
Arons model are significantly below the RS values, apart from quick rotators,
even with GR effects included.

The main weakness of the Shibata model is that the back reaction of
overdense regions on the current flow is neglected. So it is more likely that
on these field lines there will be no exponential rise of the particles’ energy
but a quenching which reduces the current density flowing off the surface.
Thus it is doubtful if one can really set the conditions so that stationary
acceleration in overdense regions becomes possible.

Besides these particular problems there are several further arguments
making the pair cascade scenario in an inner gap unlikely. First of all,
there are electrodynamic reasons. If there is copious pair-production at
some time, why do the (low-energetic) particles flow out, and leave a gap
with such high field strength? One would rather expect that, at most, a
more or less stationary gap with a very low voltage would develop. Also
in laboratory experiments vacuum gaps only occur on small spatial scales
comparable to the Debye length so that they can be interpreted as strong
plasma waves. Such waves, however, could only accelerate particles to ultra-
relativistic energies in a resonant case. However, none of the existing inner
gap models has treated the problem of backflowing positrons and their effect



52 3 RADIO EMISSION MODELS

self-consistently. Just assuming that the particles of the "wrong” charge flow
back and hit the surface, leads to lots of problems with charge neutrality of
the neutron star unless it is clear how this huge current is closed in the outer
magnetosphere. Additionally, too many backflowing particles would heat the
polar cap to a temperature exceeding the upper limits derived from the soft
X-ray flux. Arons (1983) finds a polar cap temperature of 400 eV (around
4.5-10°% K) for the Vela pulsar due to heating of backflowing positrons in a
RS scenario (his eq. (16)). Also for slower pulsars the ”hot spot” would not
be significantly cooler (the temperature scales only with T ~ P~2/7 for the
RS case). But the thermal soft X-ray emission found from Vela suggests a
temperature of only about 1-10° K (Page & Sarmiento, 1996). So either the
backflow of secondaries must be considerably smaller, an additional cooling
mechanism would be required or a pair cascade does not fit the observational
results.

Another crucial point is the question of how the angular momentum
transfer needed for the spindown of the neutron star is possible. The ratio
of spindown power and loss of angular momentum is simply

Eot IO
= =0 (36)

L I9
So the mean distance, where energy must be radiated away to fulfill both
energy and momentum conservation, evaluates as:

Le ¢ TLC
BB Q8L BL

where (3, is the velocity component of the particle in the direction of
the rotation velocity. (37) shows that even massless particles (photons or
ultrarelativistic electrons) must decouple from the pulsar system close to
the light cylinder. So if there was an efficient dissipation region in the inner
magnetosphere in compensation for it, significant losses must occur beyond
the light cylinder. For outer gap models, this problem is eased considerably,
since they predict the main losses to occur in the outer regions anyway.

R=

(37)

Finally we have shown (Kunzl et al., 1998a) that if some plasma process
is responsible for the low frequency radio emission, especially for the fast
pulsars, neither the Lorentz factors nor the multiplicity factor of a pair
cascade are allowed to be high. The results of our caluculations have been
fully confirmed by a more detailed analysis by Melrose & Gedalin (1999)
using a relativistic thermal energy distribution function for the radiating
particles and studying the wave modes precisely.



3.3 A critical discussion of inner gap models 53

Kunzl et al. (1998a) argue that a relativistic plasma process produces
emission of a frequency

1 «
Vem = 5—wi 7"/ (38)

where « is an integer between 1 and 3 and wéo) is the plasma frequency

2
WO = [ (39)
megq
without any Lorentz factors. As can be seen from the two previous
equations, the plasma frequency scales with the square root of the particle
density which means it grows as the multiplicity factor M rises.
Combining these two conditions we find the proportionality

v =CMY2y2/2 (40)

where C' = /(QBge)/(2n2mez3,,) depends only on pulsar parameters
(magnetic field strength at the point of emission and period). The emission
height, however, can be estimated from observations to be around 100 pulsar
radii or less (Blaskiewicz et al., 1991, von Hoensbroech, 1995) but it is
definitely smaller than the light cylinder radius. As mentioned in Chapter
2, timing measurements and profile widths independently strongly suggest
an inner magnetospheric process. So setting the zon = zpc, we find a
minimum frequency that can be emitted by a particle with a Lorentz factor
~ by a plasma process. Taking the Crab pulsar as a prominent example, the
process must explain radio emission at 160 MHz (where the maximum radio
flux is observed).

Therefore the fact that magnetospheric 160 MHz radio emission from
the Crab is observed, provides an upper limit for the density and particle
energy. For the Crab pulsar this yields:

M~® < 163 (41)

for an emitted frequency of v = v/ 2Upe and a multiplicity factor of M.

This important restriction is discussed in more detail in the next chapter.
Outer gap models have fewer difficulties with acceleration and the emis-
sion properties of neutron stars. On the one hand the development of an
acceleration region beyond the neutral line is natural as particles can flow
freely out towards the light cylinder. Moreover, pair production in this re-
gion does not affect radio photons any more, as the plasma frequency has
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dropped to values far below typical radio frequencies. The outer gap can be
seen as an umbrella with a hole in the middle where the radio emission can
be observed. This is a natural explanation for the non-alignment of radio
and X-ray pulses in most X-ray and radio-loud pulsars. Only two possible
points of criticism shall be mentioned here, for which this work proposes
solutions.

Since it is observationally shown that the radio emission originates in the
inner magnetosphere, and there is little doubt that relativistic particles are
responsible for it in some way, it has to be discussed how mildly relativistic
particles can occur in the inner magnetosphere, when there is no inner gap.

A second item is that, in the literature, only outer gap models for RS
type (i.e. anti-aligned) pulsars can be found. If the acceleration region near
the light cylinder is a common feature, it should also be found in almost
aligned or highly inclined rotators. Both types of rotating neutron stars can
be observed as radio pulsars.

Last but not least, it has been ignored in the literature so far that an
outer gap is incompatible with an inner gap. The reason for this is that
for a dense pair plasma the neutral line has no effect at all, because the
small space charge necessary can easily be obtained by a slight change in
the velocities of the two plasma components. Both gap types in one pulsar
would be possible only with an oscillating process, meaning that when the
inner gap sparks, the outer gap grows, and sparks before the dense plasma,
from inside reaches the neutral surface and fills the void. But this would be
a very unstable system; if the sparking is not extremely well synchronized,
it will soon run out of phase and close at least one gap. As the particles
cannot escape directly in the inner part of the magnetosphere, it is hard to
find appropriate conditions that make the inner gap grow again.

Summarizing, it can be said that there is considerable observational and
theoretical evidence that the current inner gap models face serious prob-
lems, and that the high-energetic radiation is likely to originate in the outer
magnetosphere. Inner and outer gaps cannot be maintained simultaneously,
but only the outer gap can develop directly, by plasma crossing the light
cylinder. Besides, it is doubtful if a large inner gap can exist at all, as heavy
thermal and field emission from the surface tend to close an inner gap any-
way. Furthermore, even with a fully developed inner gap, there are severe
problems in initiating the pair cascade, unless strong small-scale multipoles
reduce the curvature radius, and enhance the magnetic field strength.



55

"Would you tell me please, which way I ought to go from here?”
?That depends a good deal on where you want to get to”, said the Cat.
7 don’t much care where — 7, said Alice.

?Then it doesn’t matter which way you go”, said the Cat.

Lewis Carroll, Alice in Wonderland

4 Radio emission mechanisms

In astrophysics we have to distinguish between two fundamentally different
kinds of electromagnetic radiation. So-called incoherent emission is the re-
sult of a stochastic superposition of elementary waves. Therefore the single
sources have no phase correlation to each other. Consequently, the phases
have to be averaged and the source can be seen as a number of N non-
interacting elementary emitters. So if one single radiator emits the power
Piingle, the total power is N Pyngle or less (as absorption might reduce the
actual luminosity). So Ginzburg & Zheleznyakov (1970a, 1970b) define an
incoherent process by the condition Piyga1 < N Pipgle- A classical incoherent
process is thermal emission (each atom radiates independent of all others).
In analogy to blackbody radiation we can also identify an incoherent process
if the brightness temperature of the radiation does not exceed the particle
"temperature” Epariicle/ kB (see chapter 5).

On the other hand a process that produces a power P > N Pjygle Tequires
a correlation between the phases of the elementary emitters. In the extreme
case, the phases of all particles are coupled in such a manner that all waves
show constructive interference in a certain direction. Then the wave field
FEave is comparable to N Egingle (maximum coherence) and therefore Piopa1 =
N2Psingle as Piotal ~ EtQ

otal®

Coherent emission has been observed from various astronomical objects
and in laboratory experiments. Mechanisms for producing coherent emission
that have been discussed so far are bunching of charges (particles in one
bunch radiate in phase), relativistic plasma emission (instabilities excite
waves on which particles can be scattered coherently) or maser emission
(plasma waves with a negative absorption coefficient grow, accelerate charges
and cause them to emit phase-coupled radiation). All of these mechanisms
have been applied to pulsar radio emission. In the following we will discuss
these ideas critically.
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4.1 Coherent curvature radiation

A widely discussed process for pulsar radio emission is coherent curvature
radiation by bunches (CCR). The assumption is quite natural, since the
magnetic field of a neutron star is so strong that outflowing charged particles
can hardly deviate from the path prescribed by the magnetic field line. But
the polarization of curvature emission is fixed by the plain of a magnetic field
line, which would reproduce the characteristic S-swing of the polarization
angle. In such models the bunches are believed to develop from the curved
path the beam has to follow along the strong magnetic guide field.

The idea of coherent curvature radiation has been prominent from the
beginning of pulsar models. The mechanism has been examined by many
authors since then (Gunn & Ostriker, 1971, Sturrock, 1971, Ruderman &
Sutherland, 1975, Ginzburg & Zheleznyakov, 1975, Buschauer & Benford,
1976, Kirk, 1980, Benford & Buschauer, 1983) and even in some recent
papers (Rankin, 1992, Gil ,1992, Gil & Sendyk, 2000, Khechinashvili et al.,
2000, Melikidze et al., 2000, Gil & Mitra, 2001).

Despite this popularity, there are a number of severe difficulties.
Melrose (1992) argued that reactive instabilites (i.e. instabilities that are
not due to an unstable velocity distribution) produce a small bunching ef-
fect, but are self-quenching, meaning they increase the velocity spread and
make kinetic description necessary. But if the velocity spread is too large,
the bunches will disperse more quickly than they can be built up. Addi-
tionally, the wave vector k of the emitted radiation must coincide with the
maximum of the spatial Fourier transform of the bunch. Due to the rela-
tivistic lighthouse effect k is within a forward cone with an opening angle
of 1/~ (Rybicki & Lightman, 1979). Therefore the bunch has to be pancake
shaped, as k1 < kj|/7. As along the magnetic field line the ”forward” direc-
tion changes, the bunch has to rotate in a similar manner as it travels along
the curved field line, as otherwise the above condition would be violated
somewhere. What may cause this rotation is unknown.

Moreover we have shown (Lesch et al., 1998) that CCR is unable to
fulfill basic energetic and RFM constraints from the observations, even for
maximum coherence. In the following our argumentation is described.

A particle with energy ymqc? moving along a curved magnetic field line
radiates at a characteristic frequency.

3¢ 3
. 42
pr el (42)

Vg =

Taking the frequency to be given by the observations we therefore find
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an expression for the particle Lorentz factor ~:

47TI/CR(3)1/3
=(====C) . 4
y ( o (43)

Far inside the light cylinder the curvature radius for a purely dipolar
field line crossing the surface at a polar angle of 05 is

rNs sin® (1 + 3cos?0)3/2
Ro(6,6:) = 3 sin? O, 1+ cos?6 (44)

for a polar angle of # (Smirnow, 1973). This expression can be well
approximated by

Re(x) = Ro(ras)Ve (45)

where z is the radial distance to the neutron star centre in units of ryg.
The total power radiated by one particle with a Lorentz factor of vy is

. €%

—_—. 46
47T€0R% ( )

2
Pc=—
c=37

Since we consider a coherent process, the single particle power is en-
hanced by a factor of Ny, meaning the number of coherently radiating
particles. So the power emitted by one coherence volume is

Py = PcNZ2,. (47)

Melrose (1992) calculates the coherence volume as

32
G 4
Ve % (48)
via
AS
N 4
Ve = Ra- (Aw/w) (49)

where A€) denotes the solid angle to which the radiation is confined, and
Aw/w is the bandwidth of the emission (for broadband emission this can be
set equal to 1). Due to the relativistic lighthouse effect, the emission angle
is approximately given by AQ = 7 /2.

This yields the coherence number by multiplying V¢ by the density n :=
Mngy, where M again denotes the pair multiplicity factor.
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To obtain the observed radio luminosity L, we need Ny = L/Py coher-
ence cells. If these are arranged in a cube, we find a minimal size of the
emission region

A = (NyVe)/3. (50)

Now we can calculate the energy loss of a coherently radiating particle
crossing the emission region to find

A
Wa = ~FcNc (51)

which must not exceed the particle energy itself, as we do not consider
reacceleration on the large scales comparable to the curvature radius Rg
along the field line.

Apart from that, bunching of charges is a plasma process. Thus no freely
propagating emission below the local plasma frequency wy can be produced
in this way. So we can determine a minimum emission frequency from the
condition v > w,/(2). It reads

2/5 3/5
- (BB o

Vmin = 47'['61/5 3me

where we have again used x = r/ryg as the dimensionless radial coordi-

nate. This equation alone can be seen as an argument against CCR because

Rc ~ z'/2, so that eq. (52) predicts a RFM exponent of 10/17 for this

process. Such an exponent is clearly ruled out by the observations which

predict a maximum exponent of around 0.2 (Gil & Kijak, 1992, Kramer,
1994).

Combining this restriction with the energetic constraint in (51), and
inserting all the expressions from the above equations, we can even find
a more principal energetic restriction. The maximum luminosity in the
scenario just described is

243 wegmct

V=32 3 MOB,

Inserting numbers for some well-studied pulsars (fig. 27) we find that the
observed luminosities, especially for the low frequencies cannot be produced
by CCR. The situation improves slightly for a dense pair plasma, but even
then curvature radiation can only provide enough power in frequencies above
several GHz.

L Pr°Re. (53)

Therefore CCR does not play a significant role for the low-frequency
radio emission of pulsars.
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Figure 27: Luminosities of six radio pulsars, compared to the maximum
possible luminosity that can be obtained by CCR (straight lines). The lower
set of lines is for a GJ case, whereas the upper group assumes n = 10*ngj.
It can clearly be seen that in no case the low frequency fluxes are reached,
not even for the weakest radio pulsar of Taylor et al. (1993), PSR 0655+64.

4.2 Relativistic plasma emission

As CCR can be ruled out as shown above, alternatives have to be discussed.
Among those, plasma turbulence appears to be a more promising candidate
for the production of coherent radio emission. A similar, non-relativistic
kind of mechanism is observed in the solar corona and is a multi-stage pro-
cess. A possible scenario involves longitudinal or Alfvén waves growing due
to some instability. However, it is still unclear which instability is an accept-
able source of plasma turbulence. The three mechanisms discussed in the
literature are streaming, curvature-driven and cyclotron instabilities. The
former seem to be a natural consequence of non-stationary discharges, which
are required to obtain two-stream instabilities, that grow rapidly enough
(Usov, 1987) to fully develop far inside the light cylinder. Usov’s model

4.5
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assumes a non-stationary discharge with a period of 7. The particles of one
bunch have an energy distribution and therefore the bunches disperse as they
travel out. The most energetic particles of the structure have a velocity very
close to ¢, whereas the mildly relativistic ones move at a speed significantly
below the speed of light. For v > 1 we can compute the velocity as

1
=1-—. 54
=1-5 (54)
So, after some time, the fastest particles of one bunch catch up with the
slowest of the one ahead. This is the case at a distance of

= 2TV (55)

if Ymin is the Lorentz factor of the slowest particles. At the point where
the two bunches meet, there is suddenly an extreme two-stream instability,
which has a growth rate comparable to the plasma frequency, and therefore
develops almost instantly. So the appropriate parameters for 7 and i, can
easily explain an emission height of some 50 pulsar radii. A schematic view
of the situation is shown in fig. 28.

Melrose & Gedalin (1999) have examined the conditions necessary to
produce low frequency radio emission by a two-stream instability with a low
relativistic background plasma being hit by an intrinsically relativistic beam.
(Melrose & Gedalin (1999) assume a relativistic Maxwell or Jittner distribu-
tion f() ~ e™"7, where p = 1/(7) is some normalized inverse temperature).
The authors have found that frequencies of a few 100 MHz require that the
background, as well as the beam particles, are only mildly relativistic:

Wobs = wé%)71/2<7rel> (56)

where wl()%) is the plasma frequency without any Lorentz factors, and e

denotes the relative Lorentz factor between the beam and the background
particles. Inserting typical values for the P, By and Xy, one finds that even
for no pair production, only 1, = (7) = 10 is allowed for frequencies well
below 1 GHz.

Wave propagation and dispersion in the framework of such a model has
been extensively studied by Gedalin et al., 1998, Melrose & Gedalin (1999),
Melrose et al., 2001). It is found that only the reactive version of growing
Langmuir waves applies for the considered scenario. The kinetic description
would be needed only for 72,/ ('yggA'yg) < 1, which is never satisfied, as
the beam energy is larger than either the intrinsic energy spread of the
background particles, or the energy spread of the beam. In the reactive
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Figure 28: Evolution of particle energy distribution functions in a non-
stationary discharge (Usov, 1987). The pair cascade close to the surface
creates bunches of particles with a large energy spread (lower figure). As
the bunch travels out, an unstable distribution function develops as the
fastest particles of one bunch fetch up the slowest component of the previous
bunch. This instability leads to coherent radio emission and decelerates the
particles of the energetic component. So in the end, a stable distribution of
low-energetic particles remains (upper figure).
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case, and for a strong beam (meaning that the beam density is comparable

to the background density) the approximate growth rate is given by
. — (57)

'ybg<7rel>
Furthermore, Melrose & Gedalin (1999) show that Alfvén waves can
grow only if the resonance condition, requiring that the phase velocity of
the wave equals the beam velocity

We

Uph = Uheam = Ybeam = 4'7[2)gw_, (58)
1

is fulfilled, where w. = eB/m, denotes the gyro frequency and wj is the
Lorentz transformed critical frequency, above which the parallel Langmuir
mode becomes subluminal (equations (17) and (40) in Melrose & Gedalin
(1999)). Since this is never the case inside the pulsar magnetosphere for
reasonable parameters, an instability using the beam resonance with Alfvén

waves can be ruled out.

4.3 Maser processes

Another widely favoured idea for pulsar radio emission is some plasma maser
process. Melrose (1978) showed that a coherent process (maser) by bunches
cannot work for various reasons. Since the efficiency of the process is limited
by bunch dispersion and self suppression, the observed brightness tempera-
tures cannot be reproduced.

Therefore a maser mechanism by some plasma instability is more likely.
The simplest direct process of this type is emission due to acceleration of
charges along the magnetic field. This mechanism in its maser form (am-
plified linear acceleration emission, ALAE) is a promising candidate for the
radio emission.

For the ALAE we consider a plane monochromatic electrostatic wave.
Its electric field accelerates charged particles crossing it:

) g =
T (59)

where ¢ is the particle’s charge and m its rest mass. Taking (t) as a
slowly varying quantity we can linearize eq. (59) to find

=1 _B). (60)
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Together with the linearized expression for the Fourier transformed cur-
rent density

o o d7 D (¢ o e
J (k:,w) = qe_“”"o/ [ T itk - 7V(t) et (w kD)t gy (61)
dt
and with

7(t) := rO @) + D (1) (62)

where the zero-order orbit is given by

7O(t) = 7y + Ut . (63)
one finds
2 (7 i@ i, T
J (k, w) = me ‘WE (W) b (64)

with the temporal Fourier transform of the electric field E («'), the unit
vector in the direction of the magnetic field b and the Doppler shifted fre-
quency
W =w—Fk-7. (65)
From these results one can derive the power radiated at a certain time
by integrating the energy flux over the spatial angle, and switching on and
off the electric field adiabatically finally to find some generalized Larmor
formula:

2 2

q
6megc?

qE(1)

m

P(t) =

(66)

This result can be applied to a monochromatic plane electric wave, with
a frequency wg and an energy distribution function with a positive gradient
at some energy. In the simplest case of a J- distribution of the particle
energies (f(v) = (1)) and negligible plasma frequency, Melrose (1978)
finds negative absorption (=growth) for

3
w < 5@0@72 (67)

If the electric wave is considered to be a plasma wave (meaning wy = wp),
it can be shown that a sufficient optical depth (which is limited by field
line curvature) can be obtained only for Lorentz factors of the order of 10
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and densities around the GJ value. So if the ALAE mechanism plays a
significant role for pulsar radio emission a pair cascade is incompatible with
its requirements and has to be ruled out.

4.4 Particle energies for radio emission

We have presented another very simple independent argument that a plasma,
process responsible for pulsar radio emission is only possible for low Lorentz
factors and small densities (Kunzl et al., 1998a). The calculations have been
performed for the Crab pulsar as a prominent example but can be applied
to other pulsars as well.

From the Crab pulsar we observe radio emission having a peak at a
frequency of about 160 MHz. So the emission process must be able to
produce this low frequency radiation. Since the emission is pulsed with the
rotation period P = 33.4 ms, it must have its origin inside the light cylinder
rLc = ¢/§). For the Crab pulsar, this maximum distance is less than 1600
km or 160 pulsar radii.

The (peak) emission frequency of any relativistic plasma process must
be coupled to the plasma frequency wy, (cf. (39)). Therefore we expect v =
fya/ 21/}(,0) with uéo) being the plasma frequency without any Lorentz factors
and « some integer number (for CR emission by bunches a@ = 1 whereas the
ALAE mechanism corresponds to a = 3).Using (39) and parameterizing the
density as n = Mngy we find

2
Vi = V00 /2 — 1 [Mngyery™ (68)
P 2T MeEo

For a simple estimation we neglect all angular corrections and take only
the ”parallel” GJ density. Then we obtain

o M /2. a/2 ) 69
Vmin o mel’3 Y ( )
This equation can be solved for a product containing the two interesting
quantities pair multiplicity and particle Lorentz factor:

Am22 . m,
M 2a71: min''"€¢ 3 70
i 2Boe (70)

Inserting the peak frequency (v, := 160 MHz), light cylinder radius
(x := zLc = ¢/(rnsf2) = 159) and the dipolar surface magnetic field By :=
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3.8 - 108 T) of the Crab pulsar we find the mazimum possible value of the
product in the previous equation to be

2.2 3
2m VininMe€

M’YQ max —
( Jma BOQ‘LeT%S

=163. (71)

If we take x < xp¢ (i.e. a purely magnetospheric process), this limit is
even smaller. For the ALAE mechanism (o = 3) we again find that very
low Lorentz factors (below 10), and densities in the range of only ngj can
be allowed. But even for a process with a = 1, the low frequency radio
emission of the Crab pulsar is incompatible with pair cascade models as it
would require the production and propagation of coherent radiation below
the plasma frequency.

Of course, the same type of argument can also be applied to other exam-
ples. However, for middle-aged pulsars the argumentation must be slightly
different, as the restriction < zp¢ is quite a weak one in these cases. So for
high-altitude emission and a process with @ = 1, the values are consistent
with a pair cascade. But since observations strongly suggest that the emis-
sion heights in average pulsars are far below the light cylinder radius, one
should rather estimate zon & 50, which yields a number of some thousands
on the right-hand side of (71). Therefore the argument is still convincing,
though not as strong as for the Crab pulsar.

Summarizing it should be emphasized once more that our argument did
not use further assumptions about the details of the emission process. So
we showed that any plasma process can only produce the low-frequency
radio emission from the observationally deduced distances if the neither the
plasma density nor the particle energy is large. Both restrictions make a
plasma process incompatible with an inner gap pair cascade.

Melrose (2000) pointed out that there might still be a possibility to re-
move this incompatibility, namely, if there are voids (low-density regions
with n & ngj) in the magnetosphere which act as waveguides where the
coherent radio emission is produced and propagates. In such a scenario the
high energetic pair plasma could feed in energy and thus reproduce the lu-
minosities. However, this model has not yet been elaborated quantitatively.

4.5 Alternative models

Several other emission processes have been proposed. Some authors have
suggested mechanisms producing radio emission close to the light cylin-
der. This is because some observational results seem to hint that the radio
emission comes perhaps from much larger distances than 1000 km from the
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surface. For instance, Gwinn et al. (1997) find a transverse size of the radio
emission region in Vela of about 500 km, which suggests emission close to
the light cylinder.

As the plasma frequency in the outer magnetosphere is usually too
small to account for the observed radio frequencies Lyutikov et al. (1999a,
1999b) consider two electromagnetic instabilities. These are the cyclotron
Cherenkov instability, which is excited at the anomalous Doppler resonance

w(E) - k”UH + we/Yres = 0 (72)
and the Cherenkov drift instability occurring at the Cherenkov drift
resonance

w(k) — kv — kiug = 0. (73)

Here ug = yv|c/(w.Rc) denotes the drift velocity.

The first process is supposed to produce ”Core” emission whereas the
second mechanism should be responsible for the "Cone”. The model re-
quires a very efficient inner gap producing a dense pair plasma (multiplicity
around 10°) with only mildly relativistic particles (Lorentz factor of about
10). This is a somewhat doubtful assumption, as numerical simulations
of an inner gap pair cascade predict mean Lorentz factors of at least 100
(Daugherty & Harding, 1982). However, the Cherenkov model works only
for very large distances from the neutron star (1000 pulsar radii) which
makes it inapplicable for ms-pulsars. But observational results give no hint
of different emission mechanisms in normal and recycled pulsars (Kramer et
al.,1998, Xilouris et al., 1998). Moreover, no detailed calculations have yet
been performed to find whether the process produces enough luminosity in
the low frequency range, to reproduce the observed flux. Altogether radio
emission from regions close to the light cylinder cannot definitely be ruled
out, but is nevertheless based on a number of quite doubtful assumptions,
and therefore it will not be considered further.

Another proposed radio emission mechanism is the so-called ”electro-
sphere” type. In these models, the pulsar is supposed to have a net charge
(Krause-Polstorff & Michel , 1985a, 1985b). In other words, a monopole
electric field on the surface builds up, allowing a closed magnetospheric sys-
tem where no charged particles cross the light cylinder. The magnetosphere
in such a model is split up into a corotating region and several vacuum
gaps, where charges can be accelerated and lose energy into radiation. The
main disadvantage of these models is that they cannot explain the pulsar
particle wind (as observed in the Crab pulsar) and no quantitative studies
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of emission features have yet been performed. So a detailed discussion of an
electrospheric model is beyond the scope of this work.

Summarizing, it can be said that, currently, the most likely process for
radio emission is some concept similar to the ALAE described above. To
summarize our findings, coherent curvature radiation faces many difficulties
in fulfilling observational constraints. The ALAE mechanism requires low
Lorentz factors and densities which make it incompatible with inner gap
models. Nevertheless in the absence of other promising radio emission sce-
narios, the ALAE still has to be taken seriously. In the following, we will
use this process as the only important radio emission mechanism, a view
supported by recent numerical simulations (Schopper et al., 2001) showing
the growth of solitons in a mildly relativistic plasma by a two-stream in-
stability. It was shown in the simulations that a full two-stream instability
(generated by a non-stationary discharge or some propagation effect similar
to the Usov model) can efficiently drive waves and produce highly coher-
ent radio emission. In particular, the preliminary results suggest that some
particles are reflected, and dragged on again by the next bunch of particles
coming from inside. Such a reacceleration sketch will be elaborated in the
next chapter.
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?[ didn’t know that Cheshire-Cats always grinned;

i fact, I didn’t know

that cats could grin at all”, said Alice.

"They all can”, said the Duchess, and most of ’em do.”
Lewis Carroll, Alice in Wonderland

5 The current-circuit picture

5.1 Motivation

The main problem with acceleration models in pulsar magnetospheres is
that as soon as particles are accelerated or decelerated, either the current
density or the number density changes. In particular, deceleration causes a
jam of particles, meaning the density rises. As a consequence, this virtual
cathode reduces the current density coming from inside, releasing the jam.
Such a virtual cathode effect can in fact be observed in laboratory experi-
ments (Woo, 1987). Increasing the current over a critical value builds up a
space charge, which quenches the stream of following particles. In the time-
averaged picture the number of inflowing particles must equal the number
of outflowing charges (i. e., the current is divergence free).

However, a depletion region would show some kind of runaway effect: in
an underdense region the parallel electric field is not fully shielded, acceler-
ating particles reduces the number density of the electrons further and the
gap grows. This effect is, of course, limited by the speed of light which is
the maximum possible particle speed. Nevertheless, an underdense region
can only be filled by a pair cascade, an increase of the current density, or
another overdense region at a larger distance.

The latter scenario, however, describes nothing but an electrostatic wave
superimposed on a GJ plasma. So, instead of speaking of an acceleration
and deceleration region, we can just as well interpret this wave as a non-
ideality (i.e. a region where an electric field parallel to B appears) in an
otherwise perfectly shielded environment with E=—-¢xB.

The important point is now that such a structure can only be stable if
divj = 0 is fulfilled. This means that the inflowing and outflowing currents
must be equal, in other words, the velocities in the GJ region above and
below the wave have to be identical (apart from curvature effects). But if
the particles do not lose kinetic energy in a dissipation region, the radiated
power must be supplied by the field itself. Of course, this condition will
not hold for small-scale structures and short time scales such as a growing
electrostatic wave; but a spatially and temporally averaged model cannot
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contain global deceleration unless in a dense pair plasma, where the current
is conserved by increasing the velocity difference between the two charge
types.

Such a model is comparable to a resistance in a current-circuit, where
electrons are not slowed down, but a fraction of the induced voltage drops
in the wave region (see fig. 29). So plasma waves act only as a promoter
transforming the rotationally induced field energy into radiation. Espe-
cially the dissipated energy per particle is not limited by its own
kinetic energy, so that even low relativistic particles may dissipate
an effective energy, which vastly exceeds ymec?. Thus the incom-
patibility of low relativistic particles and high radio luminosity is
removed (see below).

The advantages of such a description are obvious: density fluctuations
occur only as waves so that there are no global density changes. Moreover,
there is no energetic problem as pointed out above. Such a difficulty oc-
curs when the kinetic energy of the streaming particles is the only source
for radiation and the Lorentz factors are below 10. The observed mean in-
tensity of the radio emission requires either a higher energy density of the
plasma in the inner magnetosphere (i.e. higher Lorentz factors or number
densities), or some reacceleration in the radio emission region. In the lat-
ter case the current-circuit model provides the most natural explanation,
since reacceleration exactly balances the losses. Furthermore, the similarity
to a current-circuit would elucidate how mildly relativistic particles could
be produced at all, without an acceleration region in the inner magneto-
sphere. There will, of course , exist a boundary layer just above the surface
where the particles evaporate off the neutron star and are accelerated to
their terminal energies. However, this layer is not a gap in the Ruderman/
Sutherland sense.

Last but not least, such a picture is reasonable, as the average current
is determined globally (namely by having a system with a more or less
fixed resistance — cf. sect. 6.3.), so that the current is driven through the
resistive circuit by the potential difference. A purely local description, in
turn, neglects back reactions of the losses on the system.

5.2 Radio luminosity and brightness temperature

In the following we derive a quantitative model for the radio emission of
pulsars. The particular aim is to explain the energetics of the radiation,
from observed or observationally derived pulsar parameters such as
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open field line

neutra line

closed field line

Figure 29: Schematic view of the current circuit model. There are four
possible places of resistivity, where R denotes the battery’s own resistance,
which is supposed to be very small. Rs is the non-ideality in the radio emis-
sion region, Rj3 is a system intrinsic resistance which vastly dominates the
other three (cf. sect. 6), whereas Ry combines the other inner magnetosphere
losses, such as resonant ICS with thermal photons which only makes up a
tiny fraction of the total spindown luminosity.

e the period P

the dipolar surface magnetic field B

the brightness temperature Ty of the low frequency emission

the emission height zep,

e the total luminosity in the radio band L

With these input parameters we derive a value for the radial width of the
emission region, which must be small to be consistent with observations. A
narrow radiation zone is suggested by both the highly structured emission in
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space and time. If this region was fairly thick, many elementary discharges
along a field line at the same time would be expected which would smoothen
the profile.

As radiation mechanism we assume a plasma process similar to the
ALAE Melrose (1978) in a GJ magnetosphere directly connecting parti-
cle energy, plasma frequency (which in this case depends only on emission
height and particle energy) and the emitted frequency via

wI(>0) a/2 74

v= ﬁ’y : (74)

In this notation the values for a discussed in the literature are 1,2 or

3 accordingly (Ursov & Usov, 1988, Melrose & Gedalin, 1999, Lesch et al.,

2000, Melrose et al., 2001). In the next chapter we will debate an argument

why the description of the pulsar system as a resistive current circuit makes

a =1 less likely than a higher value. Inserting (7) for the density and (39)
we can solve this equation for v:

_ {wp (Tem)
2y

72/a < BOQG )—l/oc

75
222 mex?,, (75)
For a random-phase process the brightness temperature of a radiating

particle is limited to its own energy divided by the Boltzmann constant

YMec?

kg
This limit can be understood by taking the definition of the brightness
temperature:

™ (76)

F, R\ 2
Ts= 2mkpr? (7) (77)

where F,, is the radiation flux at a frequency v, R denotes the extension
of the source and r its distance from the observer. Solving this equation for
F, we find

212 R\?
F, = 7(‘:2” kBTB< ) . (78)

r
Assuming broadband emission (Av ~ v) and using the obvious con-
dition that the minimum timescale for the radiation is about one period

T = 1/v, together with the estimate that the minimum spatial extension of
the radiating source is R < ¢/w we find
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Booq ~ Av Fr2r / dQ = 2kpTs . (79)
Q

So, apart from a factor of 2 (which can be dropped for our rough esti-
mations) we find the restriction for the brightness temperature given above.

Therefore, an incoherent process from an electron with a Lorentz factor of
~ cannot produce radiation with a brightness temperature exceeding 101°Kx.
However, in the case discussed here, this argument is not applicable. The
reason for this is that we do not consider absorption. The power output of a
radiation process is not limited any more if the radiation produced further
inside is not absorbed. Consider a cylindrical plasma column of radius R,
length [, particle density n and single particle power output Pingle in forward
direction. Then the total power adds up to

Pyes = IR*mn Pangle. (80)
Thus the brightness temperature can reach arbitrarily high values on the
condition that [ is large enough no matter, whether the emission process is
coherent or not.
Consequently we use a different estimate for the brightness temperature.
The average flux is received from an area that can be well approximated by
the projection of the polar cap to the emission height:

A= Aeapxl, - (81)

em

The total radio luminosity over a frequency band of Av around the
frequency v can therefore be equated to the thermal flux of a blackbody with
the appropriate brightness temperature. For broadband emission (v = Av)
and using eq. (78) we find

23

L = FVAUAcapiL'S ~ C—QkBTBAcapl'gm (82)

which yields a brightness temperature of

Lc?
3 3
2mo kB AcapTon,

L v =3P\ [ Zem ) °
= 180K (s ) (ov) () (56)
87-10 1020 W / \ 400 MHz s 50 (83)

Note that there is no additional geometric factor as the estimate of the
total radio luminosity already averages over some typical profile shape. The

1B
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values for the brightness temperature found in (83) are consistent with ob-
servationally deduced results (Sutherland, 1979, Kramer, 1995).

In the next step we show that our model is able to reproduce these fluxes
under the assumption of a thin layer emitting coherent radiation. As already
mentioned we propose a mechanism of the relativistic plasma emission type.

For the discussed process, particles are scattered by strong, nonlinear
plasma waves (solitons) excited by the two-stream instability. So the radia-
tion mechanism is equivalent to inverse Compton scattering (1CS) of solitons
by relativistic electrons. As the particle approaches the wave with almost
the speed of light we have to perform the same Lorentz transformations as
for a relativistic electron scattering an electromagnetic wave.

For each particle coherent ICS radiates a power of

coh E\?vaveso 2
Py = Norc- —5

with the wave electric field Fyave if Awwave << Mec?, which is very well
fulfilled for radio emission®. NV is the coherence number, and 2 comes from
the Lorentz transfomation of Ey.ve. As long as the wave electric field is
small, the wave can be treated linearly as a small density fluctuation. For an
unstable situation the wave grows exponentially. Of course, growth saturates
quickly for the wave will also accelerate particles as a back reaction. From
that point on, wave growth has to be caluclated with the non-linear theory.
The strongest possible wave has an electrostatic field energy comparable to
the kinetic energy of the plasma. In the extreme, these two energy densities

(84)

are equal

wave

1
nGyYMec® = EeoEQ (85)

which means (84) can be rewritten as

PN — Noreny®mec®. (86)

T

Since particles are not assumed to be decelerated in the radio emission
region, we can interpret the radiated power as an electric dissipation field
(which is the field necessary to balance radiation losses). Its strength is

Pf:gl 2N o1 Byegmec? 3

Ediss - (87)

23
ec e“T3,

SFor higher wave energies the cross section is no longer described by o, so that the
Klein-Nishina cross section (oxn = or(In-y)/v) must be used.
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5.3 Extension of the radiation region and the maximum lu-
minosity

Now we calculate the radial width of the radiation zone. This is an impor-
tant test of the model, as the very small RFM taken from the observations
requires a fairly narrow emission zone. Apart from that, the highly modu-
lated radiation observed in the radio band would be hard to explain for too
large a width.

In (87) the only the free parameter left is N. However, this number
cannot directly be derived from the brightness temperature as mentioned
before. Nevertheless there are upper limits for the coherence factor which
serve to derive a minimum radial width of the emission region.

As we consider a plasma wave being the cause of coherence, the max-
imum volume of coherently radiating particles is a sphere of around one
Debye volume. Taking into account relativistic effects, Melrose (1992) finds
a maximum coherence volume of

3
Veoh = <i> i (88)

and therefore

3.2 3.6 7.3
S <_> 7V _ ¢w Boet —
Wp 20)

P 1/2 _1/9 [ Tom 3/2
6.41 - 10134 7/2 (§> By (50> . (89)

Another hard limit for the dissipation field comes from plasma physics.

(90)

This restriction comes from the maximum collision frequency veon (among
particles or between particles and waves) for which wy, is an upper limit. The
conductivity of a plasma is given by

©p
g =€ (91)
Veoll

(e. g. Krall & Trivelpiece, 1973) which leads to (90) when we set von =
Wp.-
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Another way of obtaining this limit is by equating the particle and the
field energy density, since in the optimal case those quantities are compa-
rable. More detailed calculations show that the field energy density is less
than half of the particle energy density. This yields

Q)
o
&
[\
—_

< e (92)

which again reproduces (90).
Inserting this result into (87) we find a maximum coherence number of

3,3
_ € Tem o
N — =
2v5QBymec?egor

p\l/2 L\ 3/2
3.79 - 100 ~5/2 (§> B;Y/? <x ) . (93)

50

Comparing the maximum coherence numbers from (89) and (93) we
find that the latter is smaller whenever v > 1.97. Therefore it is a good
approximation to use (93) for determining the maximum coherence number.

For estimates of the radial extension of the radio emission region we
take the total radio power and calculate the radiating volume necessary to
reproduce the observed luminosities.

The total energy dissipation in a resistive current is given by

Viad

where V;,q denotes the volume of the non-ideality.

Egiss is given by (87) and (93), j(z) = ngi(x)ec, and by assuming that
the non-ideality extends over the entire cross-section of open field lines; using
a dipolar geometry and neglecting angular corrections to the GJ- density all
quantities in (94) only depend on the radial coordinate. The volume element
dV can be transformed to

dV = TNsAcap.’L‘g dx . (95)

Here we have used (81), as the cross-section is a simple function of z.
Therefore (94) reduces to a one-dimensional integral.
Inserting all the previous expressions the integral reads
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I 2120%me 1/(2e) 2QBymec? 2QByeg
- ByQe e e ee

-Tem"‘z
Qi ’ 3/(2a),.—3/2
NS / x x dz (96)

where [ denotes the radial extension of the radiation region in units of
NS, Whereas Tem stands for the height of its inner edge in pulsar radii.

Evaluating the integral and inserting numbers for a frequency of v = 400
MHz we find

P\ /a—5/2 e
L =5.56- 102W (—) B e, (97)
S
where
l~0 fora=1
\1/4
F, = 0.0286'/*¢ 4 [(:Eem + lo) — l'ér/n4 fora =2 (98)
ln“””eLH}l fora=3

Tem

Solving this equation for Iy in the case a = 3 renders

N P 13/6 L
Iy = Tem {exp l5.88- 1073 <;> Bl/S (1020w>] - 1} (99)

which, for typical parameters (L = 102 W, P =1s, By = 1, ey = 50)
yields lp = 0.295 which justifies the assumption of a narrow emission region.
The dependence of |y and L is shown in fig. 30.

From the above result one can obtain sufficient luminosity even for slow
pulsars. However, for small €2 the radial extension of the emission region
increases. Especially, the corresponding electric field (87) can even exceed
the vacuum field (Ey,c = QBOTNS:E_4) which is not a relevant quantity in a
shielded magnetosphere any more.

5.4 Micropulse flux enhancement by beaming effects

In this section we discuss anisotropy effects for pulse substructures which
may enhance the observed brightness temperatures by up to several orders
of magnitude. It is very unlikely that the flux enhancement only arises from
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Figure 30: radial extension of the radio dissipation region versus luminosity
for a standard pulsar (P =1 s, Bg = 1). The emission height z.,, has been
set to 50 pulsar radii.

a growth of the dissipation region. For the nanosecond structures of the
Crab pulsar this is even impossible (if the width of the radio emission region
jumped from only 0.001 (which is extremely narrow) to around 1 pulsar
radius, the peak would occur on a timescale of T ~ Tng/c~ 3 - 107° 5. But
as such small time scales also mean highly localized emission, the anisotropy
of the elementary radiation process has to be considered. For an isotropic
process there is a simple connection between the radiated power and the
observed flux:

1 0

o) = o

Praa(v) (100)

where Praq(v) is the total power emitted in frequencies below v, whereas
d denotes the transverse extension of the radiation region. For a rough quan-
titative estimation, we can set Praq(Veris) = L, and replace the derivative by
a quotient. Thus we obtain the simpler equation
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L

47TVcrit d2 '

Sobs(’/crit) - (101)

This flux is drastically enhanced by two effects, producing a strongly
anisotropic emission pattern. The first is the well-known relativistic light-
house effect (Rybicki & Lightman, 1979). A relativistically moving source of
isotropic radiation emits most of the power in a narrow cone with an angular
opening of about 1/ for v > 1, as can easily be verified by performing the
Lorentz transformation. The exact result is

#' = arctan (l ﬂ)
7 {cos 6+ B)
with 6 being the angle between the direction of the flux and source
velocity in the co-moving frame and €' denoting this angle in the observer’s
system. For 6 = 90° and v > 1 the approximation 6’ ~ 1/7 is very good.
Therefore we find a flux enhancement of

(102)

4
— T 4n2 1
& Pyl (103)

by the lighthouse effect.

Another anisotropy factor is the coherent radiation process itself, as has
been shown by Kunzl et al. (1998b). To understand this effect, one has
to recall that coherent emission requires a phase coupling of the emitting
particles in one direction. For relativistic plasma emission, the preferred
direction obviously is the direction of the streaming velocity (in the following
called forward direction).

As long as the spatial dimension of the coherently radiating volume is
small compared to the emitted wavelength, the interference is still construc-
tive even under large angles to the forward direction. However, as soon as the
extension of the coherence region becomes comparable to the wavelength,
the coherent emitter can be seen as an antenna field producing intrinsically
beamed emission.

For a quantitative estimation of this effect we introduce a coordinate
system in which the velocity of the radiating particles in the observer’s
frame is in z- direction. As the situation is cylindrically symmetric, the
problem can be reduced to two dimensions. As a second coordinate we use
the angle a so that the (distant co-moving) observer’s position is located in
the direction (sin, 0, cosa). This is depicted in figs. 31 and 32.

To simplify, we assume the coherence volume to be cubic, with an edge
length of
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G > X

Figure 31: Phase difference for a particle shifted in z- direction relative to
a reference particle at (0/0).

d= (M)” 3 (104)

n

with the particle density n and under the (reasonable) assumption that
all particles in the corresponding volume radiate in phase.

Now let the extension of the coherence cell be d, and the emitted wave-
length A. For an estimate of the beaming effect, we calculate the angle aypin,
where the interference pattern has its first zero. Therefore we calculate the
phase shift between the elementary waves from two particles at different
positions if they show constructive interference in forward direction.

The phase difference is calculated relative to a reference particle at the
lower left corner of the coherence cell (where we put the origin of our coordi-
nate system). With é(x, z) being the difference in the path lengths between
the reference position and a particle at (x, 0, z), the phase difference is

O(x, z) = k[d(z, 2) + 2] (105)

with the wave number of the emitted radiation £ = 2w /A. The second
term in brackets guarantees constructive interference in the forward direc-
tion.

Two special cases can be treated separately:

1) &9 > 0, zo = 0. From fig. 31 it can be seen that §; = xsina =~ za for
small angles.
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Figure 32: Phase difference for a particle shifted in z- direction relative to
a reference particle at (0/0).

2) zo = 0, z2 = 0. From fig. 32 we find a phase difference of 62 =
—cosa = z(a?/2 — 1) for small a.

As these two phase differences are independent they can be added up.
So (105) evaluates to

2 1
O(x,z) = il (wa + —za2> . (106)
A 2
The total amplitude is therefore

A N

=Y cos®(zy, 2) (107)
D

where Ag, is the single particle wave amplitude.
If N > 1 the sum can be replaced by an integral over a homogeneous
density. Normalizing the integral to the interval [0, 1] we find for a < 1

11
A 2 1
N _ O/O/COS [%d (xa - 5z0z2>} dzdz. (108)

This double integral can be evaluated analytically:

A2 (
NAy, T2a3

sinasinb — cosacosb+ cosa + cosb —1) . (109)
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Here T := 2wd/)\, a := Ta and b := Ta? /2. The first zero of (109) yields
the condition a = w — b, which implies a simple quadratic equation for a.

Thus we find the solution
/ 2

which is much smaller than unity for 7" > 1.

Similar to the lighthouse effect, we can use this angular extension to
estimate the enhancement factor by coherence beaming. Thus the flux grows
by a factor of

b= T 1 . (111)

2 2
TQmin ( /1 + QTW _ )

A more realistic treatment of the geometry uses a cylindrically symmetric
soliton with a density profile proportional to cosh™(Ry/R) where Ry =~ Ap
is the typical length scale. Numerical calculations for this structure show a,
much stronger anisotropy (Kunzl et al., 1998b)

Combining the two anisotropy effects we find the total beaming factor

-2
¢ =66 =167 (\/1 + 2% — 1) (112)

which, even with quite moderate parameters (like v = 10, Zep, = 50, N =
10'3 for a typical pulsar), causes an enhancement of some 103. Therefore it
can easily explain strong substructures, and micropulse brightness temper-
atures that are some 103 times above the mean value (Boriakoff, 1992).

As these beaming effects apply only to the elementary emission process,
but do not enhance the mean flux significantly, it is an important check on
whether the model can reproduce the observed brightness temperatures of
up to 103! K (Hankins, 1996) observed in giant pulses of the Crab pulsar
(see fig. 11, chapter 2).

Therefore we take the maximum possible number of coherently radiating
particles, and the corresponding beaming effects. Let A be an arbitrary
cross section. Then starting with eq. (83) one can express the integrated
flux I := I, Av = Lyagio,a/A by the brightness temperature:

Lr dio, A 27TI/3]€BTB
I =207 . 113
A c? (113)
Inserting the critical frequency of the Crab pulsar v = v = 160 MHz

and T = 103! K, the integrated flux is
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w
I=3.95-10'° —5- (114)

As this value means the beamed flux, the actual power per area is only

2
Leal ::2:2.47-10 —57 (‘/HT_l) : (115)

Now we can compute the minimum thickness of a layer producing the
power per cross-section. To obtain the lower limit we take the strongest
dissipation field possible (see eq. (87)) and assume a coherence cell with a
lateral extension of ¢/, so that T' = 277y.

The total dissipated power from a volume with the cross-section A and
the radial extension d is

! . -
Pdiss = IrealA = Ediss d] A. (116)

For a relativistic Goldreich-Julian current j = jg3 = ngj(x)ec eq. (116)
can be solved for d. Inserting the Crab pulsar parameters (P = 33.4 ms,
B =3.8-10 T, v = 160 MHz, 2¢,, = 80) and additionally using eq. (75) we
obtain

1B
d:3.85m(1031K> (117)

which corresponds to a time scale of

T = E =1.28-10 S (1031 K> =12.8ns <m> . (118)

Thus we can expect to see giant pulses on nanosecond timescales, with
brightness temperatures above 103° K, from far inside the light cylinder in
the Crab pulsar, although the relative emission height will be considerably
larger than for average pulsars. This idea is also supported by the obser-
vations that find a value of around 80 pulsar radii for the mean emission
height.

Summarizing, we find that the current circuit description, together with
a relativistic plasma emission process, can explain the observed radio lumi-
nosities, brightness temperatures and emission heights. The particles radiate
in non-ideal regions, but their energy loss is balanced by a voltage drop, so
that the (mean) kinetic energy remains unchanged.
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The electric dissipation field is limited by the minimum conductivity in
a plasma corresponding to the field strength, for which the energy densities
of particles and waves are comparable. This limits the output power of
a radiating sheet with a fixed radial extension, and therefore provides an
estimate for the width of the dissipation region, which is needed to explain
the observationally deduced luminosities.

It is found that, for young pulsars (which tend to have a very low radio
efficiency), this region can be very thin, since the fields are strong enough
and the cross section of the radiation zone is large. For slow pulsars (usually
quite efficient radio emitters), we need a significantly thicker emission re-
gion. Though the time-averaged total radio power is not too well determined
(Malov et al. (1994) find much larger values than Taylor et al. (1993)), our
model predicts that the radial extension of the radiation region is small
compared to the emission height in any case.

Of course, the emission zones broaden if either the radiation process
is non-stationary (which is definitely the case) or coherence is less than
maximum. Observational results suggest that old pulsars (showing a fairly
spiky emission pattern) have a higher duty cycle (meaning each volume
only radiates with a low probability at a certain time) than younger ones.
For young pulsars, however, apparently coherence is lower but the temporal
efficiency is large which is suggested by the smooth profiles (and also the
giant pulses).

We emphasize that the model does not contradict the results of Kijak &
Gil (1997, 1998), who suppose slightly higher emission distances for slower
pulsars even though such a correlation would raise the extension of the
radiation layer further. However, as this effect appears to be small, the
corrections are not very significant.

In any case, the plasma resistivities are too small to dissipate a large
fraction of the total voltage. This is because the shortcut resistance (which
limits the current to a relativistic GJ current from the polar cap) is much
higher than plasma-induced resistances, and is therefore responsible for the
main dissipation (see next chapter).

However, different arguments are needed to explain the brightness tem-
peratures of pulse substructures, or even giant pulses in the Crab pulsar.
Here even the plasma limit fails to reproduce the observed values unless
the emission region grew drastically. But for these small-scale structures
the emission is definitely not isotropic. Two effects are responsible for the
anisotropic emission, namely the relativistic lighthouse-effect and the beam-
ing, due to the finite extension of the radiation region. With them the
observed brightness temperatures of 1030 K and over on timescales of only
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around 10 ns, observed in giant pulses of the Crab, can be explained. Never-
theless the emission must be produced in the higher magnetosphere, where
large enough coherence numbers are allowed. But this is consistent with
observational results which suggest an emission height of about 80 pulsar
radii for the Crab.

For millisecond pulsars, the above considerations also apply. Since the
radio luminosities of "recycled” neutron stars, and the emission heights, tend
to be smaller, normally a thin radiation layer can be expected, so that no
problems arise from the smaller magnetospheres.

Of course, there is a natural limit for the current-circuit description.
This is the neutral surface where the ”preferred” sign of charge changes,
meaning that a (single-charged) current coming from one side cannot easily
penetrate that surface. Processes in the vicinity of the neutral surface and
beyond, as well as an idea for the global current, are discussed in the next
chapter.
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”You may call it 'nonsense’ if you like”, she said,
“but I have heard nonsense compared with which that
would be as sensible as a dictionary.”

Lewis Carroll, Through the Looking Glass

6 Global current circuit models

In this chapter we propose a model for the global current structure in a pulsar
magnetosphere. Hereby the neutral surface plays a crucial role, separating
regions of positive and negative GJ charge.

In a weakly-inclined rotator there are no open field lines that cross the
light cylinder in the positive region and do not intersect the neutral line (or
none in the negative zone for almost antiparallel rotators). So, unless in a
pulsar where the rotation and the dipole axes are almost perpendicular to
each other, one sort of charge cannot flow off the surface freely. Additionally,
the open field lines not crossing the neutral surface are usually curved away
from the rotation axis close to the light cylinder, so that the flux of particles
is reduced further.

In the following, let us consider a weakly inclined pulsar, in which the
dipole and the rotational axis are almost aligned. In this case, there are
only two possible ways, how positively charged particles can be transported
to the outer magnetosphere. The most widely discussed idea is that a dense
pair plasma flows out from an inner gap discharge; this is not affected very
strongly by change of regions, as there are enough particles of both signs to
shield the space charge fields effectively. The other possibility is that positive
particles somehow flow across the magnetic field lines, and can therefore
change from closed to open field lines without leaving the positive region.
There is of course a third possibility — that there is copious pair production
in an outer gap; but this also requires a procedure that transports particles
to the outer regions.

As mentioned before, our findings presented in the previous sections
strongly suggest that there is no pair production in the inner magnetosphere;
so a mechanism of the second type is needed. The natural place for a
single charge description to become invalid is the neutral surface. As the
GJ density vanishes there, a pure electron current is reflected, and finally
quenched by the virtual cathode, the space charge builds up, unless this is
removed by another process. For inclined pulsars, we show in the following
section that a particle drifting in purely toroidal direction along the neutral
surface can be transported from one (”blocked”) field line to another, where
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it can escape freely and thus reduce the space charge on the neutral line. As
a secondary effect the " free” (open) field lines are ”favourably” curved in the
Arons sense, and can therefore efficiently accelerate charges up to the pair
cascade threshold (similar to the outer gap scenario in Cheng et al. (1986)).
Consequently, charges of the other sign flow back towards the neutral line
from outside, and thus return some particles into the inner regions. Apart
from that, e.g., positive particles may drift into negative zones, to reduce
the virtual cathode caused by curvature effects. Altogether, a large number
of charges of both signs accumulate at the neutral surface. As will be shown
later, a radial GJ outflow together with a narrow drift region requires a high
particle density in a layer near the neutral line.

A similar effect applies to the ”unfavourably” curved open field lines
which do not intersect the neutral surface. Drift motion slowly transports
particles on these field lines, and finally balance curvature effects completely
so that, apart from plasma waves, a Goldreich-Julian DC current flows out-
wards.

It must be mentioned that the drift mechanism described here requires
enough charges of both signs in the magnetosphere. Once the situation is
established, the outer gap always feeds the inner regions with dense plasma
but if we start with a (hypothetic) initial condition of a neutron star sur-
rounded by vacuum, positive ions will be dragged from the surface as well
as electrons and form a charge layer on the neutral surface that initiates
the drift mechanism and provides particles that can be accelerated in the
outer gap. In the following discussion we therefore neglect such initial effects
and assume that inside the neutral surface cone there are enough charges to
avoid large depletion zones.

6.1 The neutral line and drift in an inclined rotator

In contrast to the parallel rotator, a finite angle between dipole and rotation
axis removes the cylindrical symmetry of the GJ solution, so that the mag-
netosphere must be treated fully three-dimensional. For exemplary studies
of typical properties, however, it suffices to study the two-dimensional cut
through the neutron star centre containing the rotational and dipole axis.
In this cut the two neutral lines are not equivalent. A schematic view of this
scenario is shown in fig. 33.

To compute the angles between neutral lines and rotation axis we take
the dipole parameter equation
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-~ drift path

Figure 33: Dipolar geometry with the "neutral lines” in an inclined rotator.
Particles are assumed to drift toroidally along the neutral cone (dotted line)
and thus interchange between non-equivalent field lines (see text). The
arrows mark a possible path for a positive charge flowing outwards to the
light cylinder without leaving the positive region.

.2
T sin” 0
= — 75 (119)
rNs  sin“ g

where 6 and 6y are the polar angles of the point, and the intersection
field line/neutron star surface. Here as in the following discussion § = 0
means the rotation axis.

Taking the #- derivative of (119) we find

dr . NS r
— =29 =2 . 120
do sind cos QsinQ 0y tan 6 (120)

Furthermore a geometrical analysis of the neutral line (fig. 34) renders
the second condition
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Figure 34: Dipolar geometry with the neutral line for a parallel and inclined
rotator. ds is an infinitesimal vector along the magnetic field line which is
supposed to be orthogonal to €. This determines the angle of the neutral
line.

dr
w=" tan@. (121)

Combining these two equations we find the well-known result for the
neutral line in the parallel rotator:

1
tan?f = 2 = cos’ 0 = 3" (122)

The same procedure can be applied to inclined rotators. The only dif-
ference is that (119) must be replaced by

o sin?(0 — ¢) B ( sin @ cos ¢ — cos 0 sin ¢ >2

= = 12
rNs  sin?(fp — @) sin 6y cos ¢ — cos Gy sin ¢ (123)



6.1 The neutral line and drift in an inclined rotator 91

where ¢ is the inclination angle. Analogous to the parallel case we find

dr 2(sinf cos ¢ — cos @ sin ¢) ' ' -
40~ (sinfpcos d — cos By sin ¢)2 (cos B cos ¢+ sinf sin @) rng =
-
= =9 (124)

The second condition (121) remains the same. Combining this with the
previous equation we obtain

1+ tan®d tan¢

tanf = 2 125
an tan § — tan ¢ (125)
which evaluates to a quadratic equation for tan 6:
tan?f — 3tan¢ tanf — 2= 0. (126)
Therefore the neutral lines appear under the angles
3tan¢ £ /9 tan® ¢ + 8
Oni1/2 = arctan ( an ¢ 5 an’¢ + > : (127)

The angular distance between the neutral lines and the dipole axis is
given by ’(;5 — ON11 /2‘. This means that the two ”"neutral lines” are asym-
metric relative to the dipole axis. In other words, by inserting the neutral
line angles into the dipole equation, the calculations presented above show
that the last open field lines intersect the neutral lines at different distances.

Using these results, the path of a positive particle from the surface to the
open field lines in the positive region can be described for a weakly-inclined
rotator.

A particle starting at the pulsar surface on a closed field line intersect-
ing the neutral line with a footpoint angle 0y reaches the neutral line at a
distance of

)
r__sin ((‘;S;ONLQ) (128)
TNS sin” 6y

and may drift along the neutral surface to the other side at the same
radial distance. Therefore the new angle relative to the magnetic axis is
only |¢ — Onr1|, so that the new field line has its footpoint at the smaller

angle

(129)

01 := arcsin (sin(¢ — 9NL1)M>

sin 00
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relative to the dipole axis. If this field line is still closed, the particle
can flow along it to the other point of intersection with the neutral sur-
face, where the same process starts afresh. Thus, the footpoint angle of the
corresponding field lines decreases, until an open field line is reached. At
this point the particle is accelerated freely out towards the light cylinder.
An analogous mechanism is valid for electrons. Therefore particles of both
charges can be transported to the regions beyond the neutral surface, pro-
vided that the drift is efficient enough. This will be discussed in the next
section.

6.2 A (semi-) quantitative description of neutral line drift

To obtain some quantitative results on charge densities, drift velocities and
particle densities in the region near the neutral line, we calculate the drift
field for a very simple configuration. In the following a number of simplifying
assumptions are made. On the one hand we assume that all curvature
effects influencing the GJ- density are balanced by particles of the other sign,
drifting into regions where the opposite charge dominates. Therefore all field
lines can transport a stationary relativistic GJ- current up to the neutral
line. This assumption might be a little bold, but at some distance from the
neutral line curvature effects must be balanced, otherwise the outflowing
current on such a field line would be zero. If this balance only allowed a
certain fraction of the GJ current to flow, further reasoning would not change
significantly. To enable efficient drift, the neutral surface must be charged.
The simplest case is an azimuthally symmetric charge configuration, with
only a radial dependence. As in a weakly inclined rotator the polar cap field
lines are in the electron domain, we set the sign of the neutral surface charge
to a negative value. Thus the additional field is that of a (for the sake of
simplicity) homogeneously positively charged inner ball, surrounded by two
conal layers with negative surface charge density (as shown in fig. 35).
In this case the charge density reads

p=—p0b (6 — ) (?)3 (130)

for the outer part and

3q

inner — S _ 52 131
Pinner = 73 (131)

for the positively charged inner region. Here pg denotes the (positive)
charge density at the inner end of the drift region, R its distance from the
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PBE-0) /17

Figure 35: Assumed simplified charge distribution for a neutral line drift
model. The absolute value of the charge density determines the efficiency
and the width of the drift region. For details see text.

neutron star centre, dy is the opening angle of the neutral surface cone, and

q = 2mpoR> sin b, lnR?{aX (132)

is the total (negative) charge on the neutral surface. Using Poisson’s
equation this yields a potential of

3 0 R R2m w 1o . 9/
o(F) = <I>0+Eo I 20 Opol D ///*qum_, do’' d¢’ dr’
2€0 R 00 0 ’T'*T/’
Rmax27r .
_ PR / / r?sinfy 1 ¢’ dr’ (133)
B e ‘F_;l

In spherical coordinates and for this special case we have

= /T2 + 712 = 2rr'cos (0 — ') cos ¢’ (134)

r—r

.
’ J /

as follows from the cosine theorem for a spherical triangle.
For the positively charged inner region radial symmetry allows the assump-
tion 8 = 0, whereas for the outer part we can evaluate the integral for ¢ = 0.
Therefore we find the expression
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R m
= 3mposinly, Rpmax // r'sin &' , ,
d(r) = dg+Ey-7+ In dé’ dx dr'—
() 0 0 €0 R - V12 4+ 72 = 2rrl cos 6
R3 Rmax 2m S_ 0
_ R / / n % ¢ dr” (135)
0 J ) /12 4+ 712 — 2rr'cos (0 — 0') cos ¢/

which, however can only be evaluated numerically. We are only inter-
ested in the electric field perpendicular to the both magnetic field line, and
the rotation velocity, so that we have to take the numerical derivative of the
potential in that direction. Due to the rotational symmetry of the charge
distribution, the electric field does not have a ¢- component. For a very
rough estimation, we can assume the electric field to be exactly parallel to
7x B (otherwise the result must be multiplied by a cosine factor very close
to 1). We evaluate the potential for two points whose connection line is par-
allel to O and intersects the neutral surface in the middle. An approximate
value of the electric field can be obtained by dividing the potential difference
by the distance between these two points.

Then the numeric value yields

d -1 P -1
Edrift=5.29-109xl L ](—) (i> (—) Bs.  (136)
M Lpg,y(R)] \TNs/ ATNL S

Here we have considered the fact that the charge layer is not really
infinitesimally thin, but has a finite width and charge density. To avoid
confusion, we mention that ryr, means the radial distance where the last
open field line intersects the neutral line in the parallel case (2/3 of the

light cylinder radius). Since ryi, is only used as a scaling factor, it does not
matter that this distance has no special meaning in the inclined case. As we
see in the following, effective drift is possible for typical charge densities of
the (parallel) GJ value, and a thickness of about one neutron star radius.

For a relativistic drift velocity in azimuthal direction, the condition £ >
Bc must be satisfied (corresponding to B(varigt )y (varigr) > 1). As an upper
limit for the inner edge of the drift region we can take the distance where
the last open field line crosses the neutral surface which is about 2/3 of the
light cylinder radius. Thus we find for the charge density necessary for a
relativistic drift current
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pﬂ:(()R) =T (&)4 () ) (1/st) By  (137)

The actual charge density needed will be significantly higher as the drift

region be further inside, because positive particles on closed field lines have
also to drift effectively. However, even if drift already occurs deep inside the
intersection of the last open field line with neutral surface, a thin drift region
with a dense, almost quasineutral pair plasma produced in the outer gap is
consistent with (137). But if we have an estimate of the charge density the
minimum distance allowing relatvistic drift can be computed.

An additional condition to Eqrg > Bc is that a relativistic GJ- current
flows through the neutral surface. This gives another hint that we need a
dense plasma with both signs of charge on the neutral surface, to obtain a
thin drift region. The latter fact can be easily understood:

Consider an almost neutral plasma with a negative excess of

e~ =(n- —ny)/(n-+ny). (138)

The typical azimuthal distance, which a particle must travel to reach
a free field line in the appropriate region can be estimated as almost a
semicircle (77 ) with a length comparable to the radial distance from the
neutron star. Let the drift velocity be relativistic then the radial velocity is

Upad = —C R —— R E_C. (139)
T INL

Here the latter approximation applies if the drift region is about one
pulsar radius wide at the intersection point of the last open field line with
the neutral surface. To obtain a relativistic radial GJ current from this
non-relativistic particle speed, we find from (139):

[Weh

Of course this idea still requires that the particles of the outward directed
current and those carrying the inflowing current interpenetrate, but without
significant interaction. This restriction, however is a very mild one, since,
due to the high azimuthal speed, the particles flow almost parallel anyway.
Therefore no significant streaming instabilities should occur.

Summarizing, the neutral line drift model proposes a mechanism, by
means of which particles can surmount the hurdle at the neutral surface,



96 6 GLOBAL CURRENT CIRCUIT MODELS

where a single charge current from the inner regions of the magnetosphere
cannot flow further outwards along the field line. For various regions, a high
number density of charges in an almost neutral plasma is necessary. On one
hand, both charges have to be transported to other field lines, furthermore
a relativistic GJ current in radial direction, together with a thin drift zone,
requires a high number density. Apart from that, the charged neutral sur-
face also creates an electric field parallel to B. To prevent acceleration, a
pair plasma can become polarized and thus shield parallel fields effectively,
whereas the orthogonal component of E remains, because polarization of
charges is not possible across the magnetic field.

Dissipation occurs because the current circuit is open, (that means, par-
ticles of both charges stream outwards through the light cylinder). In other
words, the major part of the energy is not transferred to the current-carrying
particles but to secondary charges forming the wind and radiating high en-
ergetic emission. Of course, a significant part of the energy may still be
radiated away via direct electromagnetic emission from the winding up of
the magnetic field. But all these effects can be combined so that the main
dissipation occurs beyond the neutral surface, and cannot be described by
a simple particle flow along a parallel electric field. Therefore, effectively,
e.g. negative particles start at a field line close to the magnetic pole and re-
turn at a lower latitude and a higher potential. A global resistance picture,
motivating a mildly relativistic flow in the inner magnetosphere, developed
in the next section.

6.3 Resistance and its limitation for particle energies

It was shown in the previous section that drift at the neutral surface can
effectively transport a full GJ current from open field lines to the last closed
field line from where it can return to the neutron star. Now we assume
that all curvature effects in the inner magnetosphere (meaning closed field
lines and open ones inside the neutral surface) are balanced by particles
of the opposite charge drifted inwards, so that the full parallel GJ-current
can flow on every open field line. As discussed in the previous section this
assumption is reasonable, as inside the neutral surface, every field line is
"unfavourably curved” in the Arons sense. This means, every finite current
density produces a virtual cathode somewhere near the neutral line.

A highly relativistic current flowing off both polar caps has the total
value
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Q . 20B
Tiotal = 2Acapnciec = 27T—T‘13\)18706O€C = 47rr§15509230 (141)
c e

This current faces an average voltage drop of

1
AV = &ﬁNSQ?BO (142)

as we obtain by assuming that all electrons return at the edge of the
polar cap, and averaging the voltage over that region using the small angle
approximation (i.e. AV ~ (Ocap —0)).

Calculating the total resistance as

AV 1 7
 Liotal  24meeg 24w

it turns out to be completely independent of any pulsar parameter, and a
fraction of the vacuum impedance Zy. This is a clear indication that this re-
sistance is intrinsic to the pulsar system, and has nothing to do with plasma
effects. In other words, it can be identified with the outer magnetosphere
dissipation region®.

However, the above calculation of the resistance is not quite correct, as,

R

(143)

although the particles are relativistic, their velocity is still below ¢. Therefore
the true current is a little less, and the actual resistance larger. The ratio
of the true and the ultrarelativistic resistance is about 1 + 1/(2%?), where
7 is the Lorentz factor belonging to the mean wvelocity of the particles. For
7 > 1 this can be transformed into

en = 5o = 7 = (265) 7 (144)

gl
with the fraction of dissipation in the inner magnetosphere ey, which
includes radio emission and other losses there. In this framework radio
emission alone (with a typical efficiency of 10™°) limits the mean Lorentz
factor to only 200. If even X-ray emission comes from a region close to the
neutron star, the X-ray efficiency of 1072 (Becker & Triimper, 1997) would

SHere it must be mentioned that the result will certainly have to be modified for a
finite inclination, non-dipolar components or even due to angular effects producing a small
period dependence. Thus the mean voltage drop and the total current might be different
from the AV and Iiota used above. The important point, however, is that as soon as the
highly relativistic (=maximum) current is fixed by geometry, i.e. by period and inclination
angle, the system-immanent resistance is given, and the following reasoning remains, in
principle, unchanged.
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even limit 7 to 20. This is in clear contradiction to an inner gap and
ultrarelativistic particles in the inner magnetosphere. But, even for
wide radio emission regions, the plasma resistance is negligible compared
with the shortcut value, which means, the particles can still be relativistic,
as follows from (144). So a relativistic current is always coupled to a small
radio efficiency. The argument is also valid the other way round - a small
radio efficiency allows mildly relativistic particles - under the condition that
no other efficient loss process occurs in the magnetosphere.

Additional losses can be caused by internal friction on the neutron star
surface meaning that the polar cap is a "hot spot”. For example, if a signif-
icant part of the pulsed soft X-ray emission is of thermal origin, a hot polar
cap would be required and some additional power could be lost by the mild
heating of the whole neutron star.

A hot polar cap with a surface temperature of 7' = Ty - 105 K emits the
power

-1
Piherm = AcapospT* = 3.73- 102 W T (5) (145)

For a temperature of several million kelvins this radiated power is com-
patible with a frictional re-heating of the polar cap and thus an additional
dissipation.

However, such a scenario implies a slightly more efficient friction mech-
anism in young, quickly rotating pulsars than in slower, ones since the rela-
tivistic plasma process for the radio emission suggests slightly higher particle
energies for the latter category. This might come from the surface temper-
ature of the neutron star, which decreases with increasing age.

The most natural limit for the current is the particles’ inertia. As the
current-carrying particles have finite mass they also acquire kinetic energy;
i. e., a (small) part of the voltage is used for particle acceleration. If the
beam is monoenergetic and if inertia were the only energy limiting factor,
the corresponding equation reads

2
mecC
1-08= 146
B v (146)
with the total potential difference ®, having the approximate solution
€q)0 1/3
= 147
1= (o) (147)

which is only about 300 for a typical pulsar. This limit is, of course,
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raised for an energy distribution. For instance, taking a Jiittner distribution
(Melrose & Gedalin, 1999) the inertia limit for the mean Lorentz factor is

- (71'6(1)0)1/2 (148)

2mec?

which is about 5000 for a standard pulsar. Nevertheless, it is important
that in neither case the is energy sufficient to initiate a pair cascade. This
argument is, of course, not valid if the density if far below ngy but is never-
theless also applicable to inner gap models as losses would strongly enhance
the fraction of the dissipated power in the inner magnetosphere and reduce
the total current.

Other loss mechanisms are, for example resonant inverse Compton scat-
tering (Sturner, 1995), curvature radiation (very ineffective), centrifugal
forces in non-ideality regions and so on. A detailed discussion of these
effects is beyond the scope of this work.

6.4 Outer magnetosphere acceleration and high energetic ra-
diation

A particle drifting along the neutral surface reaches a free field line at some
point, whence it can travel further outwards. Since in this region the field
line, is ” favourably curved” in the Arons sense, there is always an underdense
region on such a field line, which means that particles can be accelerated
effectively. (In analogy to other outer gap models, we will also call this
region "outer gap” in the following.) Therefore one can expect very high
Lorentz factors close to the light cylinder. Consequently the high-energetic
radiation (apart from a possible thermal or ICS X-ray component) must be
produced in the outer gap region. A promising candidate for a radiation
process in the outer magnetosphere is synchrotron radiation. We showed
that the mechanism can produce the observed spectra in the different fre-
quency bands by only varying the pitch angle regime (Crusius et al., 2001).
This is because the observed fluxes and peak frequency depend on the ratio
of the pitch angle, the profile width and the emission cone by the lighthouse
effect. For the Crab pulsar the model can naturally explain the high energy
emission from the Crab pulsar quantitatively from the infrared to y-rays.
Our argumentation is outlined briefly:

Observations of the Crab pulsar show a steeply rising spectrum in the
infrared (the spectral index is negative, around —2), which continues almost
flatly in the optical range and drops with spectral indices from around 0.5
in the soft X-rays via 0.7 for the hard X-rays to 1.1 in the - region (Toor &
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Seward, 1977, Eikenberry, 1998). The power emitted by the Crab pulsar over
the whole electromagnetic spectrum is sketched in fig. 8. For other pulsars
it is still not settled whether there is non-thermal pulsed emission in the
infrared and optical range. The results of Nasuti et al. (1997) suggest non-
thermal optical radiation for at least 3 pulsars (Crab, Vela and PSR 0540-69)
as the flux seems to be constant over the optical range and is significantly
above the thermal extension of the X-ray spectrum to low frequencies.

There are clear indications that the intrinsic radiation spectrum is not
significantly modified by absorption in the wind or nebula. However, for
the Vela pulsar (the weakest optical source) the optical spectrum might be
thermal but modified by the pulsar’s hydrogen atmosphere. Nevertheless
the optical emission of the Crab pulsar cannot be explained by a thermal
process.

Comparing the efficiencies of the two most likely processes in an outer
gap environment, namely small angle synchrotron radiation

B 2
Piyn = 1.6- 107 W 42 <T> sin® U (149)

where W is the pitch angle and curvature radiation whose power is given
by (46) it turns out that for

B -1 R¢ -1
U>1.7-10"4 l)(—) < ) 1
= 1.7-10 <107 100T 106 m (150)

(where the small angle approximation sin W &~ W has been used) the
first process is the dominating one. Using a purely dipolar geometry, one
finds that typical curvature radii beyond the neutral surface are at least
105 m even for the Crab pulsar, so that ¥ a~ 10~ suffices to make CR losses
unimportant if the Lorentz factor does not exceed 107.

The Lorentz factors of primary particles can be estimated by equating
synchrotron losses with the gains from the outer gap electric field. Taking a
typical value from the Cheng, Ho and Ruderman model (Cheng et al., 1986)
we obtain

Eguy = Bed? cos ¢ 151
gap

with § = 0.1 being the ratio of the gap width to the light cylinder radius,
and ¢ again denoting the inclination angle. Evaluating the expression for
the Crab pulsar near the light cylinder renders
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5 B —1/2 ] -1
W= 90.5- 100 cos!/2 (_)<—> (—P) . 152
Yoyn = 9:5 - 107 cos o { G )| 5077 103 (152)

In the following we show that a pitch angle of 1072 is sufficient to explain
the observed high energy luminosities, provided that the primary particles
with a Lorentz factor of about sy, are efficiently converted to lower energetic
pairs with a power law spectrum of spectral index 2. Such an energy distri-
bution can be expected from numerical results but can also be understood
by using a very simple argument (Crusius et al., 2001):

Consider an acceleration region producing primary particles of a char-
acteristic Lorentz factor 7,. In a very efficient pair cascade each primary
particle decays into M (v) secondaries of the energy . The probability for
a certain terminal Lorentz factor is constant over a wide range of v. Then
energy conservation leads to the obvious condition

5
M(y) =22 (153)
g
To find the distribution function we have to take the differential number
density which means the number of particles per « interval. This yields

N(v)~ M) _ T (154)
Y Y

or a power law distribution with a spectral index of 2. The low energetic
cutoff occurs at the point where cascading is no longer efficient, and therefore
the argument is not applicable any more.

Due to momentum conservation it can be expected that the pairs have
about the same pitch angle as the primary particles (¥ ~ W, ~ 1073).

For the small pitch angle regime (i.e. ¥ < 1/7) we have to distinguish
between two cases. The very small pitch angle description applies if the
resolved pulse width A® (around 1072) is much smaller than the angle
of the emission cone (which is about 1/7). Then all the emission can be
assumed to be perfectly in forward direction, and no angular dependence
needs to be taken into account.

The emissivity of a particle at low pitch angles is given by

4e2y W23 v 2 291,
vO0y)=——|1——F+—= ||V —— 155
w0 == e 2 (V 1+ 9272> (12)



102 6 GLOBAL CURRENT CIRCUIT MODELS

(Epstein, 1973), where 6 is the angle between the magnetic field and the
direction of emission. Setting 8 = 0 and folding the result with a power law
energy distribution N () ~ v~ %, the total spectral emissivity becomes

L= [aoNeay= R (V)T (156)

€ocC 2v,

which yields a steeply rising spectrum with a spectral index of —2 as
observed for the infrared.

The limiting frequency for this description (i.e. the frequency where
v(v) &= 1/Ad) is in the transition region between infrared and optical bands.

In the second case (VU < 1/y < A®) we have to use the angle averaged
spectrum. With these assumptions the integrated flux

o2
9 2,,2 2\112
L, = /5,, dy = ZEV P (157)

3egc
0

is sharply peaked around v = 271, so that a monochromatic approxima-
tion can be used.
For the same particle energy distribution as above we then obtain

we2Nov2W? [ v \27°
I, = /SVN(W) dy = Tocc <§> (158)
(¢4

that means a flat spectrum for s = 2, consistent with the optical emission
from the Crab pulsar.

To obtain even higher frequencies one must consider even larger pitch
angles U > 1/v. For this case the typical emitted frequencies are higher,
namely

3
va = Sve¥y” (159)
which yields a spectrum of

I, ~ v~ (=D/2 (160)

that is exactly the observed value for the X-ray range if again, s = 2.

Besides the spectral shape our model can reproduce the observed lumi-
nosities. The total luminosity radiated via synchrotron emission in a volume
V' is given by

L = Mng;V Py (161)
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where

B
Pyn = 1.6 - 1071W (T) Y22 (162)

and M is the pair multiplicity of the plasma in the outer magnetosphere.
and can be estimated roughly by M = ~syn/7v. For the radiation region we
take a spherical shell whose outer edge is at the light cylinder and whose
thickness is a fraction f of rpc (of course, f < 1). For the Crab pulsar data
and the small pitch angle approximation (¥ < 1/v < ) we find the optical
luminosity

Lops = 4 - 10%*W cosl/Qaé_lf_l( o )1 <‘I’°Pt>2( Vopt ) (163)
P 10-3 10-3 1015 Hz

which agrees strikingly well with the observationally deduced value (the
index —1 means the quantity in units of 107!). It is sufficient to show
that the observed fluxes are matched in the optical range because then the
luminosities in the other bands are automatically correct, as the spectral
shape is already reproduced by the synchrotron mechanism (see above).

Compared to that, curvature radiation alone would not suffice to explain
the luminosities in the optical and X-ray range, even if the pair multiplicity
was far above 10%. Besides that, the advantage of the proposed mechanism
is that the whole spectral range from infrared to X-rays can be produced
with one single power law particle energy spectrum.

The ~- emission however, needs radiation from primary particles. Quali-
tatively, this emission can be explained by synchrotron and ICS losses of high
energetic particles. But due to the pair cascade, a qualitative description
would require absorption by pair production, or some other reprocessing of
the energetic quanta.

It should be mentioned once more that efficient acceleration and pair
production in the outer magnetosphere has another desirable effect. The
inflowing positrons "feed” the neutral surface with positive charges, which
can drift inwards to negative regions to balance the effects of curvature much
more easily than positive ions. A mechanism like this was also assumed for
the calculation of the total resistance, as we took the parallel GJ- density
for computing the relativistic GJ current. For an almost aligned pulsar this
assumption will still be valid, since the open field lines have their smallest
angle to the dipolar axis at small distances. For higher inclinations, a sig-
nificant part of the field lines is ”favourably curved” near the surface and
"unfavourably curved” further out, therefore some corrections may apply.
Nevertheless even the assumption that the outflowing current is determined
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by the "most parallel” point of each field line, does not change the fact
that the total resistance is a purely geometric effect, which is not related
to plasma processes. Thus a relativistic current with a density of ¢ (F)ng 3
everywhere (where ((7) is a slowly varying scalar function with values close
to 1) can flow off the polar caps. This is important to avoid particle accel-
eration by the mechanism of Arons type inner gap models.

In case of an incomplete shielding on the closed field lines, due to insuf-
ficient ion supply from the surface (if the binding energies are too high or
the surface temperatures are small) these positrons could also be the addi-
tional positive charge needed to obtain the GJ density there. So the region
inside the neutral surface will quickly reach a quasi-stationary state, with
no "starved” regions anywhere, except from small-scale fluctuations in form
of plasma waves.

Summarizing, we propose a modified outer gap model that uses drift on
the neutral surface, caused by an accumulation of charges. This is because
the neutral line is a natural border for charged particles, as the shielding
charge density goes to zero when approaching that point. If particles just
arrive from one side as in a dipolar geometry, such a space charge is built up
very quickly. The resulting violation of ideal Ohm’s law enables the particles
to drift relative to the magnetic field and be transported to another field
line. In the oblique geometry the new and the old field line may be not
equivalent. This means that by such a process a particle can change from a
closed to an open field line and be accelerated efficiently towards the light
cylinder, where it produces secondary particles. This new plasma generates
the softer high energetic emission from the IR to X-rays (Crusius et al.,
2001).

All plasma processes causing resistivity in the inner part of the magne-
tosphere merely present an extra resistance limiting the current to a smaller
value which only means that it limits the velocity and therefore the particle
energy. From typical radio efficiencies we can therefore find a rough upper
limit for the particle Lorentz factors (for e = 107> we obtain v < 200). An
even more fundamental restriction is particle inertia which alone limits v to
a few 103. If other resistive processes occur in the inner magnetosphere, the
limit would drop even further.

Of course, a number of assumptions have been made, which makes this
model only a promising working hypothesis. Nevertheless due to the absence
of an inner gap, the neutral line plays a very important role for the particle
outflow, since it cannot be crossed directly. Therefore drift effects are the
only way to transport particles to ”free” field lines and should be considered
carefully.
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7 Summary and conclusions

”Never imagine yourself not to be otherwise

than what it might appear to others that what you were
or might have been was not otherwise than

what you had been would have appeared to them

to be otherwise.”

Lewis Carroll, Alice in Wonderland

In this work we have proposed a new model for the pulsar magneto-
sphere with low relativistic particles of Goldreich-Julian density in the inner
magnetosphere, and a modified outer gap beyond the neutral surface. In
this region close to the light cylinder high energetic emission and a dense
pair wind are produced, as almost all of the dissipation is supposed to occur
there.

Our initial goal was to explain the most important features of pulsar
radio emission. Of the two processes discussed in the literature, coherent
curvature emission by bunches can be ruled out for energetic reasons as we
have shown (Lesch et al., 1997) and because of the lack of a suitable bunching
mechanism. Therefore the second process, relativistic plasma emission is
favoured.

If the emitted frequency is coupled to the plasma frequency and the
energy of the radiating particles this process fails to explain the observed
radiation in the low frequency radio range unless both the density and the
particle energies are small. Especially, a plasma process is incompatible with
a pair cascade close to the surface (Sturrock, 1971, Ruderman & Sutherland,
1975, Arons & Scharlemann, 1979) as pointed out by Kunzl et al. (1998a)
for the example of the Crab pulsar. Additionally, von Hoensbroech et al.
(1998), von Hoensbroech & Lesch (1999) have shown that propagation effects
can explain the observed polarization features even for a mildly relativistic
GJ-plasma.

To produce the high power of the radio emission, the required low ki-
netic energies of the particles do not suffice. The charges must therefore
be reaccelerated in the radiation region. But there is another, even more
convincing reason why this has to happen. A mildly relativistic particle
losing energy is also slowed down considerably. This means that either the
charge density grows (and therefore an electrostatic wave builds up), or the
outflowing current is reduced (which has the same effect in the end). So if
a particle radiates, an electrostatic field builds up, which reaccelerates it to
its original energy.
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Total energy loss per particle is then no longer limited by its own ki-
netic energy but determined only by the field strength of the electric wave
integrated over the width of the radiation region. This model, as shown,
predicts narrow emission regions in most cases, if we use the observationally
derived values for luminosity, brightness temperature and emission heights.

A natural hurdle for a single-charge particle outflow is the neutral line,
that is the point where the GJ charge changes its sign. Therefore, such a
current quickly creates a huge electrostatic field there, unless the particles
are carried off by some mechanism. This process is E x B- drift. In a
perfectly shielded magnetosphere the drift velocity causes exact corotation.
If there is a net space charge, this allows a movement of the particles across
the magnetic field lines. For an inclined rotator, particles can therefore
interchange between non-equivalent field lines and thus be carried away from
the neutral surface. It has been shown in this work that a dense pair plasma
in a thin layer around the neutral surface can enable the particles to drift
so effectively that a relativistic parallel GJ current flows out.

As the radio emission region dissipates only a tiny fraction of the total
voltage, the major part of the potential difference will drop in the drift
region. Energy is released in form of accelerated particles drifting to the free
open field lines, where they reach ultrarelativistic energies. This causes a
scenario as described in outer gap models, where an avalanche of secondary
particles and all the high energetic radiation are created. Crusius et al.
(2001) showed that the observed high-energy spectrum can be reproduced
if all the high-energy radiation is due to synchrotron emission.

The described scenario is similar to a model proposed by Shibata (1991)
but it does not assume an inner gap. The drift mechanism removes the
necessity of two acceleration regions.

The important assumption of both models is that the system somehow
fixes the current, so that changes of the GJ density must cause some reaction
of the system that allows the current to be kept constant.

Altogether, the different emission processes in pulsars are closely linked
and a convincing model for the radiation needs to describe the global cur-
rents, voltage drops, dissipation regions and particle energies.
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