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Abstract

It is argued that both observations and theory indicate that radiation damping plays an important
role in pulsar emission. The two-mode behavior as well as the observed value of the brightness
temperature can both be understood as a result of radiation damping. In this context, a possible
cause for the enhanced depolarization in the wings of pulsar profiles is discussed.

Energy losses in pulsars: local

In the standard polar cap model (Ruderman and
Sutherland 1975) it is assumed that the radiating
bunches do not suffer any radiative reaction, t.e.
the cooling time is much longer than ~ v%/v (“the
emission time”), where v is the Lorentz factor of the
bunches and v the observed frequency. However,
this is not necessarily the case.
For a bunch containing N particles and total
kinetic energy E
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where AF is the energy lost by the bunch when
traversing an angle Ay along a magnetic field line
with radius of curvature p, and ry is the classical
electron radius. Assuming that the emission is op-
tically thin, i.e., YNmc? > kT, eq.(1) becomes
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where T is the brightness temperature and v. =
3cy3/2np. Normally, the observed brightness tem-
perature is calculated using the cone opening angle.
This under estimates the real value, since the radia-
tion is emitted locally within a solid angle  ~ v~2.
Using the definition of T(= Lc?/2kAv®Q)) one ob-
tains from eq.(2a)
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where Log is the luminosity (in units of 10?8 erg/s)
emitted from an area A5 (in units of 10'® cm?) at
a frequency v4o0 (in units of 400MHz). Further-
more, = v~2 has been used. Since Lyg ~ 1is a
typical value for pulsar luminosity at v400 = 1 and
A5 ~ 1 from Ruderman and Sutherland, eq.(2b)
shows that the cooling time is not longer than the
emission time (AE/E > 1 for Ax ~ v~!). This
suggests that radiation damping is an important
characteristic of pulsar radiation; e.g. it determines

the brightness temperature, since the bunches are
not expected to grow appreciably after cooling has
become important and, as is argued below, the po-
larization properties differ substantially from those
of ordinary curvature radiation.

Eq.(2b) is derived under the assumption that
the coherence factor can be obtained by increasing
the charge and mass by a factor N in the single
particle emission formul®; e.g. v = v, is assumed.
However, this may be invalidated either by narrow
band emission and/or that the emitted frequency
is not v. but rather v < v, e.g. in the Ruderman
and Sutherland model v = v'/?y, < v, where v, is
the plasma frequency. In the first case eq.(2b) has
to be multiplied by Av/v, where Av is the band-
width, and in the second case by (v/v.)*/3, since
the single particle flux o« /3. Simultaneous mea-
surements of individual pulses at several frequen-
cies (e.g. Stinebring 1982) show a high degree of
correlation both in intensity and polarization, indi-
cating that a substantial fraction of the radiation is
broad band. Furthermore, multiplying eq.(2a) by

(v/ve)A/3 gives
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Since the “emission time” for v < v, corresponds to
Ax ~ v~} (v/ve)"1/3, the conclusion regarding the
importance of radiation damping is not changed for
v < V.

Energy losses in pulsars: global

Ruderman and Sutherland obtained an upper limit
of ~10%% ergs™! for the energy, which can be gen-
erated by the growth and subsequent break down
of a potential gap close to the neutron-star surface
by assuming that particles are accelerated contin-
uously in a gap where the potential difference has
its largest value possible. Since the observed single
pulses do not fill the pulsar window uniformly, the
energy generation occurs intermittently. A more re-
alistic (perhaps?) estimate of the energy generation
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rate (P) is obtained from

po (EDmax V. (4)
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where (E2)max /87 is the maximum value of the av-
erage electric field energy density in the volume V
of the gap. tg.p is the time it takes for the gap
to grow and break down. This value of the energy
generation rate is smaller by a factor 87tg,p/(h/c)
than the maximum one obtained by Ruderman and
Sutherland; h is the height of the gap. Ruderman
and Sutherland estimate tg,,, as a few microseconds;
thus this factor is ~10% and a “typical” energy gen-
eration rate is more like ~10%8 ergs™!. Since this
is equal to a typical pulsar radio luminosity, this
suggests that most of the energy generated in the
polar gap is radiated away as radio emission. Thus,
both local and global considerations indicate that
radiation losses are an important aspect of pulsar
radiation.

The two-stream instability

In the two-stream instability the bunches grow un-
til either the cooling time equals the time scale for
growth or all the energy contained in the relative
motion of the two streams has gone into bunchiung.
The dimensions of the bunches are expected to be
equal in all directions in the frame where the in-
stability corresponds to purely growing modes and
given by ~ yA. The maximum number of particles
in a bunch is then (¢f. Ruderman and Sutherland
1975)
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where Ejax is the maximum energy per parti-
cle generated by the two-stream instability. With
Emax ~ mc?, one obtains Npax ~ yA/re. Using
N = Npax in eq.(1) gives
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which shows that the cooling time is approximately
equal to the “emission time”. Thus, the theory
of two-stream instability suggests that radiation
damping plays a significant réle in pulsar radiation.
This emphasizes the conclusions reached above from
consideration of the observations.

Implications

The braking gives rise to a parallel (de)acceleration
with a characteristic time scale ~ v2/v; this should
be compared with the perpendicular acceleration
due to the streaming along curved field lines, which

https://doi.org/10.1017/5000273160015560X Published online by Cambridge University Press

Bjornsson

has a characteristic time scale 27 /c ~ 43 /v. Since
power o (acceleration)? and parallel acceleration is
a factor 42 less efficient than perpendicular accel-
eration, it is seen that approximately equal power
is radiated in the two modes. A similar argument
has been applied by Cheng and Ruderman (1979)
to the acceleration associated with the formation
of the bunches. However, some of the character-
istics of braking-radiation differ “favorably” from
those of bunching-radiation: (i) It is dipole ra-
diation (not quadrupole as in bunching-radiation)
and a phase-coherent mixing between perpendicu-
lar and parallel acceleration occurs. This can cause
smooth ~90° swings in the polarization angle with-
out abrupt changes in the intensity (see below). (i)
The observed brightness temperature can be under-
stood as a result of radiation damping.

A correct calculation of the polarization proper-
ties has to include the effects of radiation damping
self-consistently. Although this has not been done,
the qualitative features of the radiation should
be similar to those obtained by Bjornsson (1984),
where a predescribed variation in the velocity was
superposed on the constant streaming velocity. The
important parameter is

where t; ~ 73/v is the time scale for perpendicular
acceleration and t) is the corresponding time scale
for parallel acceleration. The value of a depends on
the details of the streaming and velocity variations,
typically a@ ~ 1-10. In the case of radiation damp-
ing tj ~ (v?/v)}/3 and § ~ a(v/v.)*/3 is expected
for most of the radiation. As shown by Bjérnsson,
a two-mode behavior is apparent for § larger than a
few, i.e. a 90° swing in the position angle occurs in
the emission profile. Furthermore, in the expected
range of § this two-mode behavior occurs without
destroying the circular polarization; in fact, circu-
lar polarization « 6~1/2 for § » 1. The two modes
both have a high degree of linear polarization; how-
ever integrating over the emission profile causes de-
polarization. This depolarization increases with 6;
for 6 > 1, linear polarization « 671,

A post-cooling scenario

The evolution of the bunches after cooling can sig-
nificantly affect the pulsar emission. Although this
is a highly non-linear problem and a realistic treat-
ment is beyond the scope of this paper, due to its
potential importance, a few possible aspects of this
evolution are discussed here.

The streaming particles pass through a bunch
in a time ~ A(y?/c), which is the “emission time”.
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Thus, when bunches start to cool, individual par-
ticles lose energy while passing through the bunch.
A possible post-cooling scenario for the bunches is
the following: (i) The Lorentz factor of the bunches
decreases. (it) Since more particles stream into a
bunch than leave it (due to cooling), the number of
particles in a bunch can become larger than Npax.
The energy needed for this enhanced bunching is de-
rived from the bulk motion of the stream, not from
the relative motion as in the two-stream instability.

In the two-stream instability one expects that
the maximum number of particles in a bunch is
~ (n)A A, where (n) is the average number den-
sity of streaming particles and A, is the surface
of the bunch perpendicular to the streaming ve-
locity. Using A; ~ (7yA)? and the value of (n)
obtained by Ruderman and Sutherland, one finds
(n)ALA ~ Nmax, as given in eq.(5). This is con-
sistent with the expectation that when the-bunches
are cooling, the radiated energy is equal to the rate
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of kinetic energy flowing into the bunches, i.e.,
c romcyiN?
'ymczAL(n);z- ~ _0__];2__., (7

leading to N2 ~ (n)A 1 ANmax; hence N ~ Ny«
when the cooling starts. As 7y decreases, NV becomes
larger than Npax and the value of § is expected to
increase beyond the value given above in the previ-
ous section.

This “cooling-radiation” is effective only for +
large enough for v < v, o y3. Since, initially, v/v,
decreases with distance away from the cone axis, the
“cooling-radiation” is most prominent in the wings
of pulsar profiles. Because the effective value of §
increases with the initial value of v./v (N has more
time to grow before v/v. occurs), pulsar profiles
should show the largest depolarization in the wings.
This is consistent with observations.


https://doi.org/10.1017/S000273160015560X

