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PULSARS: A PROGRESS REPORT

F. Pacini

Laboratorio di Astrofisica
Spaziale, Frascati (Italy)
and
National Astronomy and lonosphére Center*
Comell University
Ithaca, New York
(USA)

INTRODUCTION

More than five years have elapsed since the announcement of the dis-
covery of the first pulsar early in 1968. Toward the end of the same
year two pulsars were found in known sites of Supernovae explosions,
the source PSR 0833 in the Véla Remnant and the source NP 0532 in
the Crab Nebula. Because of well known reasons, this led to the
general acceptance of the rotating neutron star hypothesis for the basic
nature of these objects, as first suggested by T. Gold.

About the same time, accurate period measurements indicated that
the Crab Nebula pulsar loses rotational energy at a rate ~ 10"® ergs
sec*“*. This is about as much as needed to compensate the radiation
losses of the nebular particles: the pulsar is the energy source for the
overall nebular activity and converts continuously its macroscopie
rotational energy into a relativistic form (fast particles and the large
scale magnetic field of the Nebula).

Much Work on pulsar electrodynamics was donc in the months
immediately following these discoveries. As a resuit, we have probably
understood the basic aspects of pulsar theory and the consensus on the
rotating neutron star model appears well motivated. There have also
been several attempts to adapt similar ideas to account for other phe-
nomena in high energy astrophysics such as the origin of cosmic rays,
the violent activity in the nuclei of galaxies, and the nature of galactic
X-ray sources. Although some of the detailed processes on which
people have speculated may turn out to be irrelevant, these general
ideas seem to offer our best hope of understanding strange phenomena
within the framework of conventional physics.

* Operated by Comell University under contract with NSF.
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In this Report we shall first, in Section 1, briefly review some ob-
servational data and then outline the theory of pulsars with the aim
of stressing the remaining ambiguities and unsettled questions. It is
indeed true that the theoretical understanding of these objects has
progressed slowly in the last 2 or 3 years, probably because most of
the problems to be solved are of increased complexity. The most
important question can be summarized as follows:

a) What are the basic mechanisms by which a neutron star can
convert the rotational energy into energy of relativistic particles and
magnetic fields?

b) What is the origin of the highly cohérent radioémission and what
is the mechanism giving rise to sharp puises?

¢) What is the relation between pulsars and Supemovae Remnants?

Accordingly, Section 2 will deal with general aspects of pulsar elec-
trodynamics; Section 3 will briefly review the quite controversial subject
of radiation mechanisms; Section 4 will emphasize some possible
features of the electrodynamic link between pulsars and Supernovae
Remnants.

In general, we have not attempted to give here proper crédit for ail
individual discoveries and ideas. We recall that three rather extensive
review articles have recently appeared in print:

M. Ruderman, Ann. Rev. Astr. and Ap. 10, 427, 1972.

F. G. Smith, Reports Progr. Physics 35, 4, 1972.

D. ter Haar, Physics Reports 3, 57, 1972.

These articles contain an extensive list of original references.

1. BASIC OBSERVATIONAL DATA

Pulsars are characterized primarily by the émission of sharp flashes
of radiowaves at almost exactly maintained time intervals P. The

typical duty cycle 6 = is in the range 1| — 10 %. About one

hundred pulsars are now known, a large proportion of them concen-
trated along the galactic plane. The observational data available
about these sources represent a vast amount of detailed facts, possibly
more vast than for any other celestial object. In this section we shall
only describe the basic characteristics: for more details we refer to
the review article by F. G. Smith quoted above.

The following are the main characteristics of pulsars:

Periods’ distribution and slowing down. The periods range from 33 msec
for the Crab Nebula pulsar NP 0532 to 3.75 seconds for NP 0527.
Most pulsars have periods in the range 0.5 — 1 sec. A tendency toward
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a secular lengthening of the period appears general for ail pulsars whose
period has been monitored with sufficient précision. It is found that

P
the “ apparent lifetime generally increases with period and ranges

between ~ 10" years for NP 0532 up to about 10® years for some slow
objects. Since pulsars spend only a small fraction of their life with
a very short period, it is not surprising that only relatively few objects
have been found with periods P < 0.5 sec. The lack of pulsars with
very long period, (say P == 2 sec) can only be explained in terms of
a fairly steep dependency of the pulsar radio luminosity from the period.
Two pulsars (NP 0532 and PSR 0833) have shown abrupt changes in
their period with sudden speeding-up’s in the range

Distances. The same puise appears systematically 6rst at high and
later at low radiofrequencies. This is due to the dispersive properties
of the interstellar medium and the amount of delay dépends on the
number of électrons along the line of sight Jn* dl.  Since n* is (roughly)
independently known one can estimate the distance of pulsars from
the observed amount of delay per unit frequency. The typical distances
range between a few hundred and a few thousand parsecs.

Intrinsic power, spectra, brightness températures. The radio power
emitted from pulsars ranges between 10" ergs sec~* up to 10®° ergs
sec“. A basic uncertainty on the emitted power stems from our
ignorance of the pulsar émission diagram. The radio spectra emphasize
the low frequencies (say, around 100 MHz) and generally decrease
rapidly toward the high frequencies. Several pulsars show also the
presence of intrinsic cut-off’s below 100 MHz.

The sharpness of the puises indicates that the emitting région is not
larger than <t (x is the puise time-length): typically this gives emitting
régions of the order of a few Kms up to a maximum ~ 100 Km. The
brightness températures of the emitting régions are then found to
range between ~ 10" °K up to ~ 10"® °K for the Crab pulsar (oc-
casionally even higher). This entails that the electric field radiated
by NP 0532 can reach and exceed 10°° Volts m*“‘ at the source. Also,
the power flux through the emitting surface can exceed 10™ Watts cm~*.
(F. Drake has pointed out that this is an amount of power per square
centimeter équivalent to the electrical power produced by ail plants
on the earth). There is no doubt that such brightness température
demand an extremely cohérent radiation process at radiofrequencies.
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Optical and X-ray émission. Only the fastest pulsar NP 0532 has been
detected also at optical and X-ray frequencies (radiopower ~ 10
ergs sec~"; optical power ~ 10™ ergs sec““; X-ray power ~ 10" ergs
sec“?). The lack of optical émission from the second fastest pulsar
PSR 0833 (which has a period only ~ 3 times that of NP 0532) entails
a period dependency of the optical luminosity L a P~* with n > 8.4.
The brightness températures of the Crab pulsar at optical and X-ray
frequencies are < 10°° °K, perfectly compatible with an incohérent
(but non-thermal) process. The optical and X-ray puises are found
to be simultaneous with the radiopulses when the effect of interstellar
dispersion has been taken into account.

Puise sbapes and intensity fluctuations. The puise shapes are rather
complicated, often with separate components or “ sub-pulses ™. In
some cases the sub-pulses are persistent features; in others, especially
for small structures, no cohérence exists from puise to puise. The
puises also show considérable intensity fluctuations, partly intrinsic,
partly due to interstellar scintillation. No fluctuations exist for the
optical, X-ray puises from NP 0532.

Drifting subpuises. In several sources, the sub-pulses reappear in
consecutive puises. However, as first noted by Drake and Craft, a
given subpuise can arrive somewhat earlier in each successive puise.
This phenomenon, called “the marching subpuises ”, is probably
fundamental for the understanding of the radiation process and seems
to indicate the existence of organized motions in the emitting région.

Polarization. The polarization characteristics are different from pulsar
to pulsar but are well marked in any individual source. It is interesting
that the radiation in some cases can reach a degree of polarization close
to 100 % and that the polarization can vary in a simple way across the
puise. Also, in presence of marching subpuises, each subpuise maintains
its polarization characteristics.

Association with SN Remnants. Only the two fastest pulsars NP 0532
and PSR 0833 have been found inside SN Remnants. The absence
of extended SN Remnants around slow pulsars is easy to understand

since slow pulsars have ““ages” P/P == lifetime of a SN Remnant
(a few 10* years at most). The lack of observed pulsars in some young
Remnants such as Cas A can imply that not ail SN Remnants leave
behind a neutron star but could also be explained in terms of the unknown
pulsar émission diagram. In addition, because of the high radio-
luminosity of Cas A, it is unlikely that even a source like NP 0532 would
have been discovered in it against the strong radio background.
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As of today, it is very difRcult to déterminé directly or indirectiy
(i.e. by comparing the number of pulsars in the galaxy with the frequency
of SN explosions) what is the fraction of Supemovae explosions which
leave behind a pulsar.

Pulsars in binary stars. No evidence exists for the presence of pulsars
in binary stars. This can be due to either of the following (or to a
combination of the two): (a) most binary Systems are disrupted when
one star becomes a supernova (b) the lifetime of pulsars in binary
Systems is rather short and very soon the energy output from the pulsar
is replaced by accretion of matter from the companion (this would
suffocate the pulsar itself).

2. GENERAL ELECTRODYNAMICS

The collapse of an ordinary star into a neutron star is likely to be
accompanied by a large increase in the strength of the magnetic field.
At least two processes can lead to this increase:

a) Differential rotation—if any—in the collapsing star. If the
stellar core spins at a different rate than the envelope, a magnetic linking
between the two régions results in the twisting of the field Unes and
the graduai building-up of large toroidal fields which in principle could
reach values of order gauss. These toroidal fields could
remain submerged inside the star and have no effect on the external
electrodynamics. Presently, there are no observational arguments
for (or against) the presence of huge toroidal fields inside neutron stars.

b) Flux conservation during the collapse. Depending upon the
initial conditions, this could lead to fields in the range 10°° — 10“* gauss.

Similarly, just because of conservation of angular momentum, one
expects that the collapsing star will increase its rotation rate and become
a fast rotating object.

The electrodynamics of a rotating neutron star closely resembles
that of a rotating magnetized conductor.

Consider first an aligned dipole with coinciding rotation and magnetic
axes ™ Il B. The problem is time-independent and the induced electric
field dérivés from the charge distribution in the star. Indeed inside
a perfect conductor the total electric force experienced by a corotating

charge should vanish
(fl X r) x B
E— . =0 (1)

and this is accomplished by an internai readjustment of the electric
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charges. From the Poisson équation one obtains

Note that inside a conductor E.B = 0.

Outside the star a priori one expects a near-vacuum situation, just
because the scale-height of any thermally supported neutron star at-
mosphere is extremely small (say, a few centimeters). The external
problem is therefore a classical potential problem which is solved by
choosing the proper boundary conditions on the star.

L2aB
The electric field at the star surface is of order E ~ -—-—-—-- (a is the
c

stellar radius), and there is a component E|| along the magnetic field
fines. It is easy to see that the electric force on a proton or électron
at the stellar surface is much greater than the gravitational pull: for the

Crab pulsar----e-l-z- ------ 108. As a conséquence, in real life neutron
mpg

stars cannot be surrounded by a vacuum: électrons and ions are lifted
electrostatically from the outer layers until some sort of conductive
magnetosphere is formed. If we again neglect inertia and assume
infinité conductivity along the field fines, the magnetosphere should
largely behave like an extension of the star itself and is subject to the
same basic équations (1) and (2) (the latter is valid only relatively close
to the star). The magnetic field fines would be equipotentials but
there is of course a différence of potential across the field fines: between
pbles and equator this can reach or even exceed 10“® eV for fast neutron
stars*.

The magnetosphere can corotate with the star as long as the elec-
tromagnetic forces dominate the inertial forces. In case of relatively
weak magnetic fields and rather dense magnetospheres, corotation could
only be enforced up to the point where the tangential velocity approaches

the local Alfven velocity v, i.e. up to = \ﬁ‘ | It is however con-

ceivable that around neutron stars v = ¢ and that the magnetosphere
corotates until its tangential speed approaches the speed of light.

The circumstellar space can be naturally divided in two different
régions. In the first région (corotating or closed magnetosphere) the

* In a similar laboratory experiment (unipolar inductor) a sphere of size ~ 10 cm.,
field — 10* gauss, spinning frequency fi ~ 10® sec~* would produce a différence
of potential of only a few volts.
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field lines close within the speed of light cylinder and the charges corotate
with the star. In the other région (open magnetosphere) the field lines
cross the critical surface and there is a continuons, electrically driven,
outflow of ions and électrons. It would be easy to see that close to
the star the bundle of the open field lines has an angular extent given

If the magnetic axis and the rotation axis

are parallel, the magnetosphere consists of an excess of electronic plasma
emanating from the pdles and a contiguous région with positive charges
(the opposite would be true if the two axes were antiparallel).

Apart from these generalities, the structure of the neutron star mag-
netosphere represents a major unsolved problem for the pulsar theory.
Simple dimensional arguments show that the corotating charges deeply
influence the structure of the magnetic field in proximity of the speed
of light cylinder. It is therefore necessary to find a self-consistent
solution where the space charge given by the field is the appropriate
field source. The basic équations of this problem have been considered
by varions authors (Michel, 1973; Salvati, 1973a; Scharlemann and
Wagoner, 1973) but their solution in realistic circumstances appears very
difficult and, maybe, even impossible without additional assumptions.
It would not be surprising if much of the magnetospheric structure
dépends on the details of the neutron star surface where the currents
originate. Also, it is unclear whether the closed corotating mag-
netosphere is really inert or whether some sort of large instabilities could
lead to its periodical emptying and refilling; if so, it has been speculated
that this behavior could be connected to the period irregularities in
pulsars.

Another major question which awaits an answer relates to the validity
of the condition E B = 0 along the open field lines. If équation (2)
applies in the open magnetosphere, then the sign of the ambient charge
excess should change along a given field line as soon as the line bends
back toward the equator. However, the sign of the charges which
escape along a given line does not change and is determined by the
electric potential of the line itself. This entails a situation where a
stream of charges of one sign can be surrounded by charges of the
opposite sign, probably an unrealistic situation. Alternatively, it is
possible that équations (1) and (2) do not apply in the open magne-
tosphere and that the open field lines are not equipotentials. In this
case the particles would be accelerated electrostatically by an amount
depending on the magnitude of the residual electric field. 1fthe magne-
tospheric value of E.B were comparable to the maximum vacuum
level, then the particles could be accelerated in the Crab Nebula up to
energies of order 100 eV. The same particles would however sufler
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from heavy radiation losses since they would move along curved lines.
It is unfortunate that no reliable estimate exists for the magnitude of
the product E.B along the open lines: this leads to a fundamental
ignorance of the particles energy at various distances from the star.
As we shall see in Section 2 this also affects our possibility of understan-
ding the nature and the location of the process which leads to the émis-
sion of Sharp puises.

In any case, the particles should certainly be relativistic in proximity
of the speed of light cylinder and their inertia cannot be neglected any
more. Because of this inertia the field lines lag behind the star and
acquire an azimuthal component: the resulting torque is responsible
for braking the stellar rotation.

Changing the angle between Q and B from zéro (aligned rotator)
to a finite value (oblique rotator) does not alter the basic problem in

c
the régionr < The problems just become more complicated

because of the time dependency but the main results listed above still
apply. The main différence between the two cases is that an aligned
rotator would not slow down if it were in a real vacuum but an oblique
rotator would still slow down because it emits electromagnetic waves
at the basic rotation frequency (magnetic dipole radiation). Quite
generally, the rate of energy loss through the light cylinder should be
of order

n “b Pplasma® 47TCRq

where B,, is the magnetic strength at the critical distance Rc- For an
oblique rotator emitting dipole radiation or for an unipolar inductor

where------ > > Ppuj*a the correspondmg loss of rotational energy

Wr = | would be

—Inn BJcRp* )

Slowing down measurements détermine the strength of the magnetic
field in proximity of the light cylinder: this ranges between 10* gauss
for the Crab pulsar (where Rc ~ 10® cm ~ 10" star radii) down to one
gauss or less for some slow pulsars (where Rc ~ 10°° cm ~ 10* star
radii). If the field obeys a dipole law in the near-zone r < Rc, then
one obtains

—1Sia~ - £i* (4)
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i.e. ftocii®. If thep lasma outflow were dominating the field would
fall off with the radial law Bar"” and similar arguments would lead to

a lower expected value for the braking index n in the relation ocQ“.
There is observational support for a largely dipolar structure of the
magnetic field in the near magnetosphere of NP0532: accurate timing

of this pulsar have revealed a relation d ocQ“ where n ~ 2.5 (possibly
the braking index is subject to small semi-periodical changes but the
evidence is not yet conclusive). The small différence between the
dipolar value and the observed value could indicate a slight radial
distortion of the field fines under the pressure of the outflowing plasma.

With a dipole geometry the above mentioned values for the magnetic
strength at r ~ Rc yield surface fields around 10™ gauss: note however
that the real surface fields could be much stronger if higher multipole
components dominated the dipole moment close to the star.

Beyond the speed of light cylinder the electromagnetic energy flux
should be constant and the magnetic field (by now predominantly

toroidal) should fall offas ———Again in case of the Crab Nebula,
r

this entmls that the large scale nebular field has a strength
10+
B ~ - gauss (5)
Acm

that is roughly 10“" gauss over most of the nebular volume. This
is not too far from the determined value (around 3 X 10“* or 10~®
gauss) and appears to support the conjecture that the pulsar is the
source of the extended nebular field. Note, however, that around
an aligned rotator, B is a genuine static field produced by the escaping
poloidal currents but for an oblique rotator it refers to the magnetic
component of a low frequency wave. For a skew (but not perpendic-
ular) orientation of the two axes, the circumstellar field will be a mixture
of the two components. Observational arguments on which we shall
return in Section 3 suggest that in the Crab Nebula the static field
exceeds a possible wave component by a factor > 10 in strength. These
arguments, however, do not rule out completely the possibility of a low
frequency radiation field beyond the light cylinder and it is well known
that if such a radiation field were présent, it would provide an extremely
efficient means of accelerating particles to relativistic energies. In
essence what happens is that a particle interacting with a large amplitude
low frequency wave becomes immediately relativistic and its motion
can remain in phase with the wave. If one defines the strength parameter

eB
of the wave f = - S then it can be shown that any électron exposed
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to a strong wave (f > 1) acquires a Lorentz factor inthe range f ~y »
(plane wave) or y ~ (spherical wave). For the Crab Nebula at
the beginning of the wave zone f = 10°“.

Several doubts have been voiced on whether calculations based upon
the scheme of vacuum waves interacting with test particles are relevant
to the description of the pulsar enviroment. The answer dépends on
the density of the circumstellar plasma. First, one wonders whether
these low frequency waves can really propagate away from the pulsar.
In principle one expects very little—if any—thermal plasma because
the waves would exert enough pressure to expel this material (there
is indeed observational evidence that the circum-pulsar région in the
Crab has been cleared of ambient plasma). On the other hand the
pulsar itself continuously ejects particles along the open field lines
and one should worry at least about this amount of plasma. There
are various aspects of this question which should be investigated and
which are now receiving attention (Max 1973, Salvati 1973b). It is
clear that at least the usual propagation condition co = eop (clp is the
rest plasma frequency) should be modified in order to account for the
increased mass of the relativistic électrons: the new condition is found

Cip . o . .
to be (0 > - .. Whether this condition is satisfied around
<y=>l/2

the Crab pulsar dépends on the assumed rate of particle outflow. If
the number of escaping charges matches the charge density given by
the Poisson équation, then the waves should be able to propagate.
If however the charge séparation is small and the plasma density by
far exceeds the charge density (as some observational evidence seems
to indicate) then whether low frequency waves can propagate becomes
an open question.

The simple picture of accelerating particles in vacuum by means
of pure electromagnetic waves could also fail on other grounds: for
instance it is likely that a static field is superimposed on the wave field
and this modifies the particle’s dynamics. Also, even a small amount
of plasma would introduce an index of refraction and change the ratio
E/B in the wave.

In conclusion, the simple picture of low frequency, large amplitude
waves accelerating particles deserves great attention and undoubtedly
represents a very attractive possibility. The plasma physics of this
problem is poorly known, but various groups have now tackled the
question and one can reasonably expect some progress in the near
future.

The first part of Table 1 summarizes the main conséquences of the
unipolar inductor mechanism and of the émission of low frequency
magnetic dipole radiation.

10
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Also, one can compare the prédictions of these models with real
life as this manifests itself in the Crab Nebula. This is done in the
second part of Table 1, and one can see some good agreements as well
as some puzzling discrepancies. Varions explanations are possible
for some of the existent discrepancies. For instance, the différence
between the predicted braking index and the observed value can be
due to several causes, including a decreasing moment of inertia for
the star or maybe a disalignment of the rotation and magnetic axes.
As mentioned earlier, the discrepancy could also simply be caused by
the outflowing plasma which perturbs radially the geometry of the
held lines.

TABLE 1

A) Basic Theoretical Expectations

energy loss B*,|| fT*

particles extraction -» magnetosphere
UNIPOLAR INDUCTION

poloidal currents -*a extended toroidal field

electrostatic accélération

energy loss B*,i O*

large amplitude low frequency waves
DIPOLE RADIATION

extended magnetic wave field

accélération in the wave

B) Theory Versus Real Life

Theory

SlaCir

100 ~ 1070 ergs sec*

charges’ outflow ~ 1077 sec~*
monochromatic energy spectrum

Bw«¥« ~ 10~*«tu>s

Observation

Oao-

Lc,.b ~ 10°0 ergs sec™
particles’ outflow ~ 10@® sec*
power law energy spectrum

B>»utlc/Bwive ™ 10

B — 3 x 10~* — 10~’gauss

11
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A more serious problem exists when one compares the expected
charges’ outflow ~ 10™ sec~‘ with the number of particles which are
known to be continuously accelerated in the Crab Nebula, roughly 10"®
sec~‘ (average energy 10‘° eV). There is no doubt that the pulsar
is the source of energy for this accélération but one wonders whether
the accélération can take place far from the pulsar, for instance when
the low frequency waves interact with the thermal filaments. This
possibility has been suggested by varions authors but there are arguments
which tend to make it unlikely. A reasonable alternative would be
a very small charge séparation in the outflowing plasma (one part in 10%).
In this case, as we have mentioned before, the simple vacuum picture
for the accélération mechanisms is likely to fail. Maybe this would
automatically remove the other discrepancy, that is the expectation
of a single value accélération. Power laws can also be obtained by
injecting particles at varions distances from the star, either in the near
zone or in the wave région; or maybe they are the conséquence of more
complicated random walks of the particles in the pulsar electromagnetic
fields.

We shall retum in Section 3 on the subject of the discrepancy between
the predicted nebular field ~ 10“* gauss and the estimated, somewhat
higher strength: for the moment we simply remark that this could be
a conséquence of the existence of a conductive shell at a finite distance
from the pulsar which prevents the electromagnetic energy from propa-
gating at the speed of light, thus making possible some storage of mag-
netic energy.

3. RADIATION THEORY

The pulsar radiation could in principle provide some direct information
about the neutron star magnetosphere. Its origin, however, is extremely
controversial, and there is no general agreement on the nature of the
radiation process and on whether the puises arise close to the stellar
surface or in proximity of the speed of light cylinder.

We recall that the most striking features shown by pulsars are:

a) the periodical character of the received signais with a rather small

duty cycle S = (typically 5 ~ 1 — 10 %),

b) the extremely high brightness température of the radioémission,
in the range 10°° — 1070 °K (in the case of NP 0532 occasionally even
higher),

c) the polarization characteristics, different from pulsar to pulsar
but well marked in any individual source.

12
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d) the existence of organized motions in the emitting région (* drifting
subpuises ),

é) why only the fastest pulsar emits an appréciable flux of optical
and X-ray radiation?

Nobody has yet presented a fully deductive theory for the origin
of the puises in the neutron star magnetosphere, but various attempts
have been made to understand why a pulsar puisates. In general,
the models proposed fall in two different categories. The first category
considers genuine rotating lighthouses which imply the existence of
privileged emitting régions around the star. The second category sug-
gests either the possibility of converting low frequency magnetic dipole
radiation into high harmonies in the wave zone (Michel 1971; Cabibbo
1973) or the possibility that in the wave zone the particles move with
such a phase relationship that they ail become periodically visible
simultaneously from an assigned direction of space. The second
category of models has the advantage that a pulsar could be visible
over a large solid angle but most authors have considered “ lighthouse
type ” models. In either case, the radiation of individual particles
should be anisotropic: this is realized if the particles move relativistically,
so that the cdne of émission covers an angle of order around the
instantaneous velocity. Also, ail particles seen by a given observer
should be moving in the same direction within an angle of order
Note that a duty cycle ~ a few percent typically implies y > 10"

The high brightness température of the radiopulses can only be
achieved by an extremely cohérent radiation mechanism. Two general
classes of cohérent mechanisms have been considered and they involve
either bunches of particles moving in phase (“ antenna mechanisms ) or
négative absorption (“ maser mechanisms ). At the présent time
there seems to be no method of distinguishing between these alternatives,
but the antenna mechanisms have been applied more frequently (perhaps,
as noted by Ginzburg, because the physics involved is known to a larger
segment of the scientific community). In case of bunches, the usual
thermodynamic limitation kTb < (energy per radiating charge) refers
to individual bunches and not to the single particles in the bunch: the
brightness températures which can be achieved are therefore increased
by a factor equal to the number of charges per bunch. If the radiation
is due to électrons with energy, say, 100 MeV (y — 10", then TA ~ 10"®°K
corresponds to about 10 électrons per bunch. Also, in order to
have cohérent radiation at wavelengths k ~ 10 — 100 cm, the size of
the bunch along the visual line has to be less than one wavelength. In
real life, one would certainly expect bunches of different size and the
emitted spectrum should reflect essentially the distribution of sizes
(as well known, the spectra of incohérent processes essentially reflect
the energy distribution of the particles). The observed pulse-to-pulse

13



PULSARS : A PROGRESS REPORT

radio intensity fluctuations would not be unexpected due to the instability
and short lifetime of the individual bunches. Also, the overall process
cannot afford any thermalization of the available energy since otherwise
an intense flash of energetic radiation would arise.

As we have already mentioned, only the fastest pulsar NP 0532 has
been detected at optical and X-ray frequencies. The optical and
X-ray puises are simultaneous to the radio puises but are remarkably
steady. This, together with the relatively low brightness température
at high frequency (10°° °K in the optical band, 10® °K in the X-ray
band), suggests that the émission is normal incohérent radiation, probably
by the same particles which radiate coherently at radiowavelengths.

The simplest and historically first model of pulsar radiation was
proposed by T. Gold immediately after the discovery of these objects.
In this model, streams of plasma are ejected from selected hot spots
on the star surface and corotate with the star up to the speed cylinder.
Atr ~ Rc, the plasma is relativistic and gives rise to an émission beamed
in the direction of motion. The emitted spectrum is given by the
usual theory of émission from particles in circular orbits. The critical
emitted frequency is c0c ~ Gy® and therefore the Lorentz factor would
have to be y > 10" — 10® in order to produce radioémission. If
y > 10* — 10®, the spectrum could reach the optical and X-ray bands.
Note that cohérent amplification through the antenna mechanism
could only operate at radiofrequencies since certainly (size bunch) > >
~optical N —raya*

Alternative but somewhat similar processes have been analyzed by
Smith (1972) who has considered particularly those models which
can explain the pulsar polarization behavior. The spectral charac-
teristics of Gold’s process remain unchanged if the radiation does not
arise in the corotating magnetosphere but dérivés from relativistic
motions along the bundle of the open field lines since the radiation
characteristics for a particle of assigned y dépend only on the local
geometry (the open field lines at r —~ have a radius of curvature

P ~ Rc = ). The problem here is that the open lines diverge
as they approach the critical distance and it is not clear what would
define a preferred sector with small angular extent. The short duty
cycle can be understood more easily if the émission arises when the
particles slide along the open lines close to the star; we héve seen in
Section 2 that in a dipole field the bundle of the open lines close to the

surface subtends a rather small angle 0 This type of

model considers the puises as a by-product of the extraction and accel

14
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eration of particles very close to the star. Based on earlier ideas of
Radhakrishnan and Komesaroff, Goldreich-Keeley and Sturrock (with
varions coworkers) have tried to spell ont the basic physics of the model
(for a recent summary see Roberts et al. 1973). As mentioned in
Section 2, if in the proximity of the star E.B is given by the vacuum
value, the particles could reach extremely high energies. For the Crab
Nebula these energies are around 10*® eV and the corresponding cur-
vature radiation is peaked at a photon energy Sy ~ 10** eV. The
gamma-ray photons would be moving with a finite angle with respect to
the strong magnetic field and may annihilate into e+ e~ pairs if the
condition CyBj* > 4 X 10*® is satisfied (cy in eV, B in gauss). It is
assumed that the positrons will be turned around by the electric field
and flow back to the surface of the star while the électrons would corne
out in bunches rather than in a steady flow. Since the électrons are
produced with a small (but finite) pitch angle, in their motion one can
distinguish a gyration as well as a relativistic sliding along the curved
field lines. Their émission therefore results from two separate processes,
the normal synchrotron radiation and in addition the curvature radiation.
Since the sizes of the bunches are much larger than the Larmor radius,
synchrotron radiation will be incohérent, but cohérence effects could
dominate the curvature radiation. An analysis of this combination
of cur\'ature radiation and synchrotron process has been carried out
some time ago (Pacini and Rees, 1970) and we recall here the main
arguments and results.

If the radioémission at frequency u is attributed to bunches of particles
moving along the field lines with velocity corresponding to a Lorentz
factor Ybunch> then we héve seen before that the following condition
should be satisfied

1 c

2;t P Y bunch ™~ ~
The effective Lorentz factor of the bunch is related to the velocity v of
the particles and to the pitch angle P by the relation

Close to the surface, say at 5 stellar radii, the radius of curvature would
be P ~ 2 X 10™ cm and therefore Ybunch ~ 200. The brightness tem-
pérature of NP 0532 with an emitting région close to the star could
reach 10"® °K; considérations similar to those made earlier then re-
quire 10*® électrons or 10*® protons per bunch.

The interprétation of the pulsar radiation in terms of curvature plus
synchrotron processes near the star is, however, incompatible with
the idea that the électrons are involved. The incompatibility lies in

15
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the position of the low frequency cut-off of the optical radiation from
NP0532. If this cut-off is due to the synchrotron reabsorption, its
position and the corresponding spectral flux déterminé through the
usual considérations the strength of the magnetic field in the emitting
région, provided one knows the mass of the radiating particles. For
électrons, one finds that ~ |0 gauss, while for protons one obtains
Bj* ~ 10® gauss. Since the pitch angles are only a few degrees, the
émission could arise near the star only if it were due to protons with no
contribution by électrons. On the other hand, if the observed optical
and X-ray émission is due to électrons, the position ofthe cut-offindicates
that the puises are emitted in proximity of the speed of light cylinder
where one expects Bj* ~ 10" gauss. As we have mentioned before,
this would leave completely unclear the origin of the small duty cycle.
On the other hand, the hypothesis that the puises arise in a région
surrounding (either just inside or a few basic wavelengths away
on the outside) would offer an immédiate explanation of why only
the Crab Nebula pulsar emits optical and X-ray radiation. Indeed,
if the high frequency radiation is due to the synchrotron process, the
total output should roughly scale like the product of the energy outflow
in relativistic particles (proportional to multiplied by the square
of the magnetic field in the emitting régions B (in a dipole field BcCxrQ’
and therefore Bc” oc. fi®). One would therefore expect a scaling-law
Lfyncro This would entail for the second fastest pulsar (PSR 0833
in Véla) an average optical magnitude m>25 as well as an annual
decrease of the optical luminosity of NP 0532 around 0.5 % per year.
It is interesting to recall that the présent observational limits (plus
the—maybe dangerous—assumption that NP 0532 and PSR 0833 only
differ in their period) entail a relation Lsync,,aP““ where n > 8.4 (Kristian,
1970). Another point in favor of émission close to the critical distance
is that one finds that it would imply particle densities in the range
10*" — IO~N~cm-": this matches the value inferred from the rate of
particles’ input in the Crab Nebula ~ 10"° sec~*.

The above considérations can be summarized by saying that the
characteristics of the incohérent high frequency radiation would favor
an émission process taking place near the critical distance. On the
other hand, if this were the case, the small duty cycle would have to
be the conséquence of a poorly understood pattern of the electro-
magnetic field and of the particles’ motion in it.

4. SOME PROBLEMS RELATED TO THE LINK BETWEEN
PULSARS AND SUPERNOVAE REMNANTS

The importance of the relation between a central pulsar and the sur-
rounding Supernova Remnant is clearly exemplified by the Crab Nebula.
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Electrons emitting optical and X-ray radiation in this object bave a
lifetime considerably shorter than the age of the Nebula. This high
frequency émission would be absent if the pulsar was not acting as
a huge, very efficient accelerator continuously injecting new particles
in the energy range 10@ eV < E < 10™ eV. In addition, the nebular
field is estimated to be in the range 3 X 10“" to 10“0® gauss; over a
volume ~ (1 parsec)® this cannot resuit simply from the presence of
a central dipole or from the radial expansion of a pre-existing stellar
field since in both cases the sources would have an unreasonable strength
and the observed field geometry would not match the theoretical expec-
tations. It is now generally believed that the pulsar is also the source
of the nebular field by the sort of mechanisms which were reviewed
in Section 2. It becomes therefore of considérable interest to attempt
a description of the overall relationship between the pulsar and the
Remnant and the evolutionary history which this link implies (of course
this will only apply to those Remuants which are energized by a rotating
neutron star). In the following we shall report briefly on some aspects
of this problem, largely referring to recent results of the Frascati group.
This Work can be divided in three different (but strictly related) aspects:
(a) nature of the nebular magnetic field, (b) dynamics of the SN shell,
(c) évolution of the luminosity of SN Remuants.

(@) Nature and évolution of the nebular magnetic field
As we héave seen in Section 2, both the aligned unipolar inductor and
the oblique rotator model lead to the expectation of a large scale toroidal

magnetic field, decreasing like beyond the critical distance. In the
r

first case the field is generated by the poloidal currents escaping from
the open magnetosphere and the nebular particles radiate in it via the
normal synchrotron process in a static field. In the second case, the
magnetic field is a component of the low frequency waves emitted
directly by the pulsar at the basic rotation frequency. A relativistic
électron would radiate in this field in a way similar to synchrotron
radiation in an équivalent static field, but there would be a substantial
amount of circular polarization (Rees, 1971). For the Crab Nebula,
a model where the large scale magnetic field is an oscillating wave field
leads to the prédiction of a few percent circular polarization. No
evidence for it has been found to a level of order 0.1% (Landstreet and
Angel, 1971), but the measurements do not rule out the simultaneous
presence of low frequency waves plus a static field stronger by at least
a factor of 10. (If so, the details of the far-wave accélération mecha-
nisms would change and are currently under investigation).
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The field strength predicted by both mechanisms is possibly one order
of magnitude less than the lower limit inferred from the upper limit
to the y-ray flux (Fazio et al., 1972). This discrepancy can only be
understood if the toroidal field generated by the currents keeps accu-
mulating inside the Remuant. In essence, one has to suppose that
new magnetic Unes are continuously produced by the pulsar and propa-
gate outwards with the speed of light up to a certain critical distance R*.

o
The spacing of the field Unes is  in the internai région (this région

can be described in the way sketched by Goldreich and Julian, 1969).
Beyond R* the situation changes due to the existence of a conductive
Supernova shell. The field Unes can only propagate outwards at
a velocity less than the velocity of the shell, which leads to a continuons
increase in the nebular magnetic energy. See Fig. 1. The critical
distance R* is probably the distance at which the ambient energy density
is of the same order as the energy density in the outflowing relativistic
wind. (In the Crab Nebula R* ~ 10** cm; several authors have noted
that this is roughly the région where the wisps are located).

Relalivistically piled up field (expanding vnth
expanding field the Shell velocity V)
Pulsar . L
wisps région nebular shell
P . 1 1
R
7

Fig. 1 A schematic drawing of the magnetic field behavior in a SN Remnant.

If this conjecture is correct, a certain fraction of the stellar rotational
energy is gradually converted into magnetic energy of the nebula.
Assuming that the magnetic energy increases at a rate given by the
pulsar input minus the adiabatic losses (due to the expansion of the
shell), one obtains the time évolution of the magnetic field inside a
SN Remnant. Figure 2 depicts this 