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7.1 R E L A T I O N S H I P B E T W E E N P U L S A R A N D N E B U L A 
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Department of Astronomy, Columbia University, 
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Abstrac t . T h e magne t ic field a n d the relativistic electrons in t he C r a b N e b u l a c a n n o t have or iginated 
a t the t ime of t he supe rnova explos ion. T h e energy densi ty in t he magne t i c field is so large tha t it mus t 
have been genera ted us ing the energy supply in the pulsar . T h e energies of t he electrons a re so high, 
a n d their lifetimes cor responding ly a r e so shor t , tha t they mus t have been accelerated, again using the 
pulsar energy. T h e efficiency of these processes mus t be high, bu t there is a n a d e q u a t e energy supply. 

1. Introduction 

For a long time the origin of the nebular magnetic field and the acceleration process 
for relativistic electrons have posed the most difficult problems in attempts towards 
an understanding of the Crab Nebula. Though much remains to be done, it seems 
that the discovery of the pulsar in the Nebula has brought us close to a solution of 
these problems. 

2. The Nebular Magnetic Field 

Several modes of origin can be excluded. The magnetic field cannot have resulted 
from a simple expansion of the field in the presupernova; during a spherical expansion 
the ratio of gravitational to magnetic energy remains constant and this ratio now 
being 1 0 " 6 the field never could have been contained in a stable object. A similar 
problem is encountered if one considers an inverse square field drawn out from (but 
still anchored in) the central star. Turbulent amplification of a weak field is in principle 
possible, but appears incompatible with the filamentary kinematics; the expansion 
velocities far exceed those of non radial motions. 

Recently Goldreich and Julian (1969) have concluded that the electric fields asso
ciated with the rotation of a neutron star are sufficiently strong to lift electrons and 
positive ions from its surface. Because the positive and negative particles follow 
different trajectories, large scale poloidal currents may arise (if there is no background 
medium with high conductivity) which would result in mainly toroidal magnetic 
fields. Crude estimates suggest that fields of the order of 10 4 G may be ob
tained. 

An alternative suggestion has been made by Gunn and Ostriker (1969) namely 
that no static magnetic field is present and that the relativistic electrons radiate in 
the fields of electromagnetic waves emitted by the rotating magnetic neutron star. 
This latter model is in a sense a limiting case, strictly valid if the pulsar is surrounded 
by a vacuum. Only a fully self consistent solution - which will not be easily 
obtained - can tell whether the real situation is closer to the wave solution or to 
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the static case, that is whether displacement currents or charged particle currents 
dominate. 

3. Particle Acceleration 

The relativistic electrons in the Crab Nebula lose energy by radiation and by expan
sion of the nebular volume. Because the electrons which radiate most of the energy 
have life times less than the age of the Nebula, about the same amount of relativistic 
particle energy as is lost has to be resupplied. It is a most striking result indeed that 
the loss of the rotational energy of the pulsar is of the same order as this energy 
requirement. Because no other comparable energy source appears to be available it 
seems that the rotational energy is transformed rather directly and highly efficiently 
into relativistic electron energy. 

If we place the Nebula at a distance of 2 kpc the radiative loss amounts to 1.6 x 
x 1 0 3 8 erg/sec (mainly in UV and very soft X-rays) and the expansion loss to 0.5 x 
x 1 0 3 8 erg/sec (for equipartition conditions) leading to a total electron energy require

ment of 2 x 1 0 3 8 erg/sec. The loss of rotational energy from the pulsar is about 
5 x 1 0 3 8 erg/sec with an uncertainty of at least a factor of 3 due to uncertainties about 
the mass and detailed model of the neutron star. Comparing the energy requirement 
with the available energy we conclude that the efficiency for the acceleration of 
relativistic electrons cannot be much less than about 20 per cent. It follows from this 
that the ratio of the energy of protons and ions to that of electrons cannot be very 
large; the same qualitative conclusion is obtained from estimates of the total relati
vistic particle energy in the Nebula from the dynamics of the filamentary shell. This 
is in striking contrast with the cosmic-ray composition above 1 GeV and makes it 
improbable that objects like the Crab are the main sources of cosmic rays. 

The extremely high efficiency for electron acceleration imposes severe restrictions 
on the acceleration mechanism. Two such mechanisms have been recently proposed. 
Gunn and Ostriker (1969) have shown that the intense electromagnetic radiation, 
which would be present in a vacuum around the pulsar, should accelerate electrons 
to about 1 0 1 3 eV, sufficient to explain the X-rays from the Crab. The energy attained 
by a unit charge is proportional to m1/3 and electrons would get about 8% of the 
energy of protons (or heavier particles). Alternatively in the model of Goldreich and 
Julian the electric fields around the pulsar would accelerate particles more or less 
electrostatically, probably resulting in a more equal distribution of the energy between 
electrons and positive particles. At the moment on the basis of these mechanisms we 
can perhaps understand the acceleration of the most energetic electrons. However 
the energy spectrum of the electrons - with most electrons having energies much 
smaller than the m a x i m u m - i s not at all understood. But until a more self consistent 
model is forthcoming, it is difficult to say if this is a serious difficulty. 

To summarize, it appears that the pulsar provides an adequate energy source for 
the Nebula and in a very qualitative way we may have the beginnings of a theory for 
the transformation of the rotational energy of the pulsar into the energy of relativistic 
particles and magnetic fields. 
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Discussion 

J. P. Ostriker: O u r discuss ion of the accelerat ion of particles in the nebula concerned particles nea r 
the s tar . W e have n o w looked a t the effect of waves on t he fi laments a n d o the r mater ia l they m a y 
encounte r . T h e accelera t ions a r e m u c h weaker , bu t they have a different dependence o n mass , namely 
a n inverse squa re . 

F. C. Michel: S o m e progress ha s been m a d e towards self-consistent ca lcu la t ions of the magnet ic 
field s t ruc ture . W e b e r a n d D a v i s have m a d e such calculat ions showing h o w the solar magnet ic field 
extends in to in terp lanetary space . These calcula t ions can be m a d e relativistic t o apply t o the pulsar 
p rob lem, a n d one readily conc ludes t h a t , if t he surface fields a re as large as generally proposed , then 
the nebula fields would b e of the o rde r of 1 0 - 3 G . 

L. Mestel: A self-consistent m o d e l of the magne t i c field is likely t o differ in a t least o n e impor t an t 
aspect from the solar field. I n the Goldre ich-Ju l i an mode l the Alfven speed is comparab l e with o r 
greater t h a n c, so tha t the regime is * relat ivist ic ' even when the velocities of co - ro ta t ion near the s tar 
a re well below c. I t then follows tha t the field is n o t pul led o u t by the outflowing gas , bu t stays quas i -
d ipolar out to distances a p p r o a c h i n g the l ight-cyl inder . Th is is in con t ras t t o the solar case, where 
those fieldlines tha t l ink u p the Sun wi th the in te rp lane ta ry m e d i u m acquire a near ly radial s t ruc ture 
soon after emerging f rom the solar surface. 

N. Visvanathan: Obse rva t ions of l inear polar i sa t ion in the pulses of t he pu l sa r (in optical wave
length) and the polar i sa t ion observa t ion a r o u n d pulsar show the direct ion of ro ta t ion axis of the pulsar 
a n d the direction of po la r i sa t ion in the nebu la agree well. T h e impl icat ion is s t rong tha t the magnet ic 
field, a t least in its vicinity m a y have been p r o d u c e d by the pulsar itself in s o m e stage of its history. 
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