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8.1 T H E R A D I A T I O N M E C H A N I S M I N P U L S A R S 

F . G . S M I T H 

University of Manchester, Nuffield Radio Astronomy Laboratories, Jodrell Bank, U.K. 

Abst rac t . T h e proper t ies of the r ad io pulses f rom p u l s a r s a re descr ibed. T h e fo rma t ion of pulses 
seems to be a geometr ic p h e n o m e n o n , for which the beaming d u e t o relativistic m o t i o n of the source 
is the only cand ida te at present . Values of the vo lume emissivity and surface flux density indicate 
t h a t all the part icles nea r the source m u s t have relat ivist ic energies. 

It will be interesting, I think, to recall that in 1955 when we had a conference here 
there was a paper by Oort and Walraven which was on the polarization and radio 
emission mechanism of the Crab Nebula. At that conference we did perhaps begin 
to understand what was going on in the nebula, but also at that Conference there were 
papers by Shklovsky on the radiation from extragalactic objects, from the Galaxy and 
other objects, and, speaking for myself, I really did not understand these papers which 
nevertheless contained the key to the radiation mechanism from the discrete sources 
- the synchrotron radiation. I was hoping that Ginzburg would be here and would give 
a talk, which even if I did not understand it would give me the key to the radiation 
from the pulsars, but we have to manage without. I think that he might have helped 
because I think that the kind of plasma wave mechanism which he and Zheleznyakov 
and others have been discussing is perhaps the way into the problem. However, 
instead of discussing the theory I am going to substitute for Ginzburg's talk by giving 
the best summary I can manage of what I think are the important observations. 

The most important thing about the pulsars is that they are periodic and that there 
is attached firmly to the rotating object a location containing the source. This location 
is defined by the integrated pulse profile. In Figure 1 are examples of the various well 
known profile shapes you can get by adding many pulses from a single pulsar. 
Now the shape of the profile I am going to call 'the window', and I will say that 
each pulsar has a fixed window through which it radiates, like a lighthouse has a 
rotating turret with a hole cut in which a lens is placed. The angular width of this 
window is not obviously dependent on period; it remains in the range of about 1-4% 
of the period, so that 1-4% of In gives the angular width. The pulse shape and width 
are independent of frequency to a first order. We know, of course, that for 1133 sepa
ration of the peaks does depend on frequency and we know that details in the shape 
of others, such as 2045, or one of those with multiple pulses, certainly do change 
somewhat with frequency but the phenomenon is basically broadband and well 
represented in the shapes of Figure 1. Next I want to emphasise, and indeed the 
demonstration yesterday of live pulses from 0329 emphasised it to you, that this is 
not the typical shape of an individual pulse. For some pulsars the individual pulses 
appear as discrete individuals with a typical shape and they also have a typical 
polarization pattern inside them. It looks very much as if the more complicated pulses 
which you sometimes see are made up of a series of different individual pulses. 
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F i g . 1. In tegra ted pulse profiles at 408 M H z . 

Wherever a single pulse appears in the window, it tends to have the same width. If you 
have a double profile I believe it is made up of two general locations inside which the 
pulses are liable to crop up. I believe that we must explain two things, the window and 
the individuals. 

And if you are talking about a radiation beamwidth it should be the beamwidth 
derived from the width of the individuals, while the locations on the rotating object 
are determined by the window. It is as though you have a lighthouse with a turret 
in which the lens is rather poorly mounted so that it can shake about. If you want 
to describe the lens you think of what happens when a single beam goes past you. 
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If you want to describe the turret you add lots of appearances of the beam which tells 
you within what range the lens must be seated. So there are two angular widths to 
talk about. 

The lens analogy is not bad because you can imagine the lens moving about rather 
slowly in its turret, corresponding to what we call pulse drift. A recognisable pulse 
appears on separate rotations and drifts across the window. They drift at definite 
rates in a given pulsar and a pulsar may have more than one rate. Not all pulsars 
show this clearly, but it could be that every pulsar has a rate and you do not easily see 
it because the pulses tend to die during one rotation, or move across so fast that they 
do not reappear. The source has a definite location within the window and it usually 
moves in a forward direction. 

Now, of course, I have spoken about pulsars in general and I ought to interpolate the 
question: is the Crab pulsar the same? It is very difficult to say because we are unable 
to observe the individual pulses in such detail on many of these pulsars. For the Crab 
we are able, fortunately, to look at a few individuals because it has this peculiarity 
that it produces occasionally very strong individual pulses, and we believe that these 
individual pulses are very similar to those seen in other pulsars. We do not know really 
how to interpret the relationship between optical and radio pulses in the Crab Nebula. 
At first sight the envelopes, the integrated profiles, are very similar. It is surprising 
that you have got two sharp peaks of, say, a millisecond wide separated by 13 msec, 
and this happens equally at both ends of the spectrum. There are differences. I put 
it to you that those differences may be no greater than the differences which you find 
across the radio spectrum in any of the other pulsars. So let us say it is a very rough 
approximation that the integrated pulse shapes are much the same over the whole 
of the spectrum in the Crab. Obviously that needs a bit more argument and the sort 
of way to tackle it is to see whether the details of the individuals are the same as the 
envelope in the optical range as well as the radio range. That is where I found it very 
interesting to hear the results from Hegyi, who showed in fact that the optical pulses 
do follow all the same pattern and it is the sum of many similar identical pulses which 
is producing that profile. That may be a difference between the optical and radio 
behaviours. 

Whether there is circular polarization in the individual pulses from the Crab is not 
yet proven, but there are after all other pulsars which do not produce much circular 
so that I do not think we can say whether that proves whether the Crab is the same or 
different from other pulsars. The individual strong pulses from the Crab, like those 
of other pulsars, behave in much the same way over a wide range of radio frequencies. 
If you get a strong pulse arriving early in the window of one frequency, then you get 
a strong pulse arriving early on all radio frequencies. Again this is a sweeping state
ment and we have not a lot of evidence. The evidence which we heard about differences 
between 111 and 74 M H z could be interpreted as saying that at least half the pulses 
do behave that way; for the other half we have to be careful about scintillation and 
so forth, and I feel they are perhaps really broadband also. So let us say that individual 
pulses are producing the same sort of intensity over a very wide frequency range. 
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How wide? It may be that the spectrum is not quite as wide as we think of when we 
can actually see pulses over several octaves. It could be that the typical width of a 
pulse, at half power points, is only an octave or so. There is some evidence that some 
of the pulsars are producing radiation which decreases towards the lower frequencies. 
For example, I think 0329 which you saw on the oscilloscope does peak somewhere 
about 400 MHz, which is fortunate because otherwise we would not have been able 
to demonstrate it. 

The state of polarization is extremely important. It is elliptical in general, and you 
saw that it changes through an individual pulse. When it changes through an individual 
it changes only slightly by reversing hand once, or by a swing of position angle less 
than one radian. Examples can be seen in Figure 2. There is usually as much circular 
as linear in a typical pulse. When you add many pulses, the reversal of hand, which is 
variable, means that you lose the circular in most pulsars, and this has perhaps led 
many people to neglect this most important circular polarization in their theories. 
I would emphasise again that individual pulses are typically elliptically polarized. 

The first thought about explaining this is that it might be synchrotron radiation 
from a beam of electrons being bent round a magnetic field and radiating in the 
forward direction. If you make the whole system rotate, the observer cuts across a 
fan beam. You see circular, linear, then circular. The degree of circular is very high, 
especially at the edge. This explanation looks right at first but what is wrong with it is 
the next observational fact, that the polarization is independent of frequency for both 
the integrated pulses and the position angles you get out of them. It also refers to 
individual pulses as Graham showed yesterday. If you photograph a single pulse, 
and manage to catch it at two frequencies which requires a little bit of slight of hand, 
you find that it has got the same pattern of polarization in it. So it is a very broadband 
phenomenon - you are not going to get away with it with a highly tuned maser or 
any other narrow band mechanism. 

The next thing that we should say is that if it is synchrotron radiation, the width of 
the pulse should depend on frequency; and it does not. It should depend on frequency 
as v " 1 / 3 , in the simple illustration I gave you, or if you take a spectrum of electrons in 
the usual way you can make it into v " 1 / 2 , but you cannot make it stay still except by 
using a long tail of the synchrotron radiation way above the critical frequency when 
you must ask whatever has happened to all the radiation at the lower frequencies. 
So I think that this is impossible. You could therefore say that the width of the beam 
is not made by the l/y natural width of a beam of electrons but is made by a range 
of velocity vectors of the electrons spread over a range of angles which determines 
your beamwidth. This sort of theory is, indeed, a very attractive one because you can 
imagine your bunch of field lines and electrons going out, and Komesaroff has shown 
you can get nice beamshapes and nice polarization swings as in Radhakrishnan's 
theory. Others have taken up this idea as well. You can get a very nice arrangement 
of beamwidths but if you do that you lose your circular polarization because you 
are convolving the odd angular function with the wider angular beam. So you can 
produce the correct Stokes / , but not the correct Stokes V. If you have got circular 
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Fig . 2. A sequence of individual pulses f rom P 0329, r ecorded wi th a po la r ime te r a t 408 M H z . 
T h e four t races r e c o r d t he S tokes pa rame te r s / , V, Q a n d U for each pulse . 

you cannot have a beam which does not change its frequency on a simple synchrotron 
theory alone - that is out of the question. 

I turn now to brightness temperature and intensity. You have already heard that the 
brightness temperatures exceeds 1 0 2 8 K . The total intensity and volume emissivity 
are even more remarkable. Let us estimate the size of the source. It is fair to say 
that this looks like an object which is within the velocity of light circle of the pulsar, 
so I have just guessed that it might be 0.1 R across where the radius R is equal to ceo" 1 . 
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I have done this for the Crab and I have done it for 0329, and worked out the volume 
emissivity on some pretty crude assumptions. One is, of course, uncertain about the 
effect of the fan beam. I would not go into all this because the numbers rather speak 
for themselves and I do not mind being a little bit out. The emissivity of 0329 is 
400 W / m 3 in practical units or 40 erg/sec" 1 c m " 3 . Now in the case of the Crab pulsar, 
the answer is unbelievable at 100 M W / m 3 . 

Now there are many possibilities for error here. I could well be wrong - I wish 
Ginzburg had been here instead. It is a bit worrying because it looks like a nuclear 
power station. On the other hand, it might tell us how to make nuclear power stations. 
Now I prefer to leave that department to one side, turning to another question: 
what is the field strength at the edge of such an object? 

You can work out the field strength E from the power flux E2\YI1 if you use these 
nice easy practical units. In 0329 the field strength is 5 x 10 6 V/m in the radiation which 
we observe to leave this object. And in the Crab it is 7 x 10 8 V/m in the radiation 
which we observe to leave the object. Since there are radiation waves leaving the source 
with a wavelength of about a metre, you can convince yourself very easily that an 
ambient electron placed in this field will necessarily have an energy of 700 MeV in an 
oscillatory form, and therefore spends most of its time in a highly relativistic way even 
if it wants to be thermal. There are, in fact, no thermal electrons anywhere near the 
radiator. Therefore if you wish to analyse the propagation conditions there, it is no 
use in writing co/coP or co/coL, unless you put some gammas in, and it is worse than that 
because it is an oscillatory gamma and I really have no idea what you ought to do. 
Now I mention that because although I am plugging a little bit for wave amplification, 
if you look at any of the papers which have so far appeared on it the propagation 
factors appear with no such qualification. If you think of the propagation of a radio 
wave through a medium containing electrons and magnetic field, there are various 
regimes depending on the relationship of the frequency to the plasma frequency and 
to the Larmor frequency, and you may conventionally divide up that regime into a 
number of areas, as a C M A diagram and so on. I would like to know what happens 
to that diagram under these conditions. It may well be that the whole thing is 
completely blurred and there is no distinction to be made any more between the 
different modes of propagation. 

Now just let me say a little bit about the idea of making a large wave. You may 
say in fact that if you have got to make a great big wave you could say 'some waves 
are born great, some achieve greatness and others have greatness thrust upon them'. 
'Born great', by that I would mean you have got synchrotron radiation with bunches 
in it, and I do not think you ought to work that way because of this polarization and 
beamwidth problem. 'Some achieve greatness', well I think that is something like a 
maser; you have got to be careful with the maser because you have to get an adequate 
bandwidth. Now we heard that such things might be possible from Dr. Chiu; I would 
only worry a little bit that his radiation mechanism is near the surface and he has 
therefore got to produce a beamwidth with some configuration of field lines and I 
just do not know how he is going to do that and still produce the right circular and 
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elliptical polarization. But it may be there is a broadband maser. 'Greatness thrust 
upon them', I think that would be a reasonable description of the enormous plasma 
waves that must be present, and the enormous plasma waves coupling with electro
magnetic waves may indeed thrust greatness upon them. So we ought to look carefully 
first of all whether the energy from the pulsar can be converted easily into plasma 
waves, and I understand from the work of Tsytovich, Kaplan, and others that there 
will be indeed a rapid conversion of the energy of any relativistic particles into plasma 
waves, so doubtless they can exist. There is also the possibility that those waves will 
become rapidly isotropic and I do not know what happens to their magnification, 
and their coupling process, when they are isotropic. When they are not isotropic 
and there is a strong magnetic field, one can refer to both papers by Tsytovich and 
Kaplan. Now let me just say that there is however one particular worry about 
amplification. Amplification tends to pick out one mode. If modes are clearly dis
tinguishable, and of that I am not so sure, then you are liable to get one mode (one 
hand of circular if you like) amplified by, say, e30 and the other one amplified by e2S, 
say. In which case you get a very strong circularly polarized wave coming out because 
there is an e2 between them. You do not need much difference between the amplifi
cation factors on two modes before you get full polarization, which of course is an 
advantage because we have got full polarization; the only trouble is that it tends to 
switch on one mode only and observation shows a smoothly changing elliptical 
polarization across the pulses. It is not all one mode as in the O H lines, for example. 
We have a beam of O H line coming straight towards us ; it is circularly polarised; 
we are not allowed to look round the side of the beam but we have a strong suspicion 
it is going to be circular all over that beam. This is not the case here, so we should give 
attention to the mode selection process. 

The coupling between plasma waves and radiation is greatest near the gyro-frequency, 
and the coupling can even be strong in directions which are perpendicular to the 
magnetic field. This means that there can be an amplification over a large solid angle 
and not just a small beam. It seems to me that in all these circumstances to try and 
construct a beam with these attributes by a diffraction-type process is hopeless because 
we have got such a wide range of wavelengths to deal with. Furthermore, in the Crab 
we have evidently got to do something rather similar in the optical range and the 
radio range to get our beam. And now I am going to describe a way of beaming the 
radiation which has nothing to do with any directive processes of amplification or 
diffraction, and which allows the radiation process to be nearly isotropic. I suggest 
to you that this process is nothing to do with electromagnetism, it is pure geometry. 
And the geometry that I am going to suggest to you is a pretty crude thing. It is 
already published (Smith, 1970); it does not tell you anything about the radiation 
mechanism but it does not need to. The radiator, a mass of plasma waves - porridge 
or kasha, or whatever the Russians would call it - is radiating out in all directions, 
and it is being driven round by the rotation of the pulsar on a radius 0.9 of the 
distance of the light circle; so it is moving at 0.9c. When it comes towards you you get 
a y 2 amplification of the radiation and you get a pulse which looks as though it is a 
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F ig . 3 . C o m p u t e d pulse shapes , us ing a cyclo t ron po la r d i ag ram a n d relativistic pulse fo rmat ion . 
T h e pa ramete r s / , V, (Q2 + U2)112 a n d tan^Q/U a re shown for var ious or ien ta t ions of the po la r 

d iagram relative t o the pulsar ro ta t ion axis (from Smith , 1970). 
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directive radiation sweeping across you. The width depends on the gamma, i.e. on 
the vie ratio, but the shape is more or less independent of that. If you are not actually 
in the equatorial plane, you get a pulse of about the same width but not as high. 
You roughly get a beamwidth in the N - S direction which is about 1/y 2. If you add 
polarization to this you have a model of the radiator. My best model of the radiator 
is to take a circulating electron, or whatever it is, going round a magnetic field and 
just look at nearly isotropic radiation with the same polar diagram as cyclotron 
radiation. In fact I took the cyclotron polar diagram with a maximum of radiation 
at the poles (circular), and linear polarization at the equator. The whole thing is 
whizzing round the pulsar, but I do not know the attitude of it. I have got two 
parameters to find the direction of the pole in relation to the pole of the pulsar and 
I have explored all those parameters to produce theoretical pulse shapes, including 
Stokes parameters. These are published in my paper and some are shown in Figure 3. 
If you look long enough at an oscilloscope screen showing all the Stokes parameters 
you will find all the theoretical pulse shapes. I do not know that it really proves 
anything but it does, in fact, allow you to explain pulse shapes and polarizations with 
a polar diagram that is nearly isotropic, and this may be a help to theorists who wish 
to make a model of this most fantastic radiator. 

Reference 

Smith , F . G . : 1970, Monthly Notices Roy. Astron. Soc. 149, 1. 

Discussion 

M. M. Komesaroff: C a n y o u r m o d e l expla in the fact tha t , a t least in the case of s o m e pulsars , e.g. 
P S R 0833 — 45 , the l inear po la r i za t ion is the same at identical phases of consecut ive pulses , whereas 
the circular polar iza t ion , if present , m u s t vary in a r a n d o m way f rom pulse t o pulse . 

F.G.Smith: If the polar iza t ion is 1 0 0 % then there can be virtually n o ci rcular polar iza t ion . 
T h i s mus t be the case for P S R 0833 — 4 5 . O n m y m o d e l it is possible t o get l inear po la r iza t ion a n d 
n o c i rcular r o u n d one par t i cu la r great circle of the emission po la r d i ag ram. Let the rad ia t ion to be 
emi t t ed by a circular m o t i o n of a n e lec t ron wi th an axis coinciding with the r o t a t i o n axis of the 
pulsar , then the rad ia t ion f rom the e q u a t o r will be l inearly polar ized wi th the s a m e p lane as seen 
f rom anywhere o n the e q u a t o r . O n l y a great circle which is inclined t o t he e q u a t o r will con t a in any 
circular polar iza t ion . I f the c i rcular po la r iza t ion is var iable it m e a n s t ha t its angle is var iable , bu t that 
the re is a n average great circle which defines the l inear po lar iza t ion . 

A.T. Moffett: I wou ld l ike t o po in t o u t tha t the emissivities a n d br ightness t empera tu res en
coun te red in pulsars a r e n o t staggeringly h igh by terrestrial s t a n d a r d s . A large K l y s t r o n amplifier has 
p e a k emissivity of a b o u t 1 0 1 2 W m ~ 2 , a n d its br ightness t empera tu re migh t be a b o u t 1 0 3 0 K if y o u 
l o o k at its ou tpu t waveguide . 

F. G. Smith: Th i s m a y n o t p rove a th ing b u t I suspect tha t y o u c a n ob ta in t h e s a m e high energy 
densit ies also in mic ro circui ts . 

F. D. Drake: I n consider ing t he r ad ia t ion mechan i sm, o n e m u s t t a k e in to accoun t the b roaden ing 
of pulse width at lower r a d i o frequencies, as observed in all pu lsars a t Arec ibo . Th i s effect, especially 
the observed increase in sepa ra t ion of peaks in a doub le peaked pulse shape , m u s t be intrinsic t o the 
pu lsa r s in general , a n d so is no t jus t a n occasional peculiari ty in behav iour . 

M o r e impor tan t ly , I t h ink the re is a compel l ing case t ha t t h e par t ic les a r e b u n c h e d . T h i s of course 
au tomat ica l ly provides an amplif icat ion mechan i sm. A s emphas ized by Pacini , t he re are two basic 
frequencies present . T h e ro t a t i on frequency, 30 H z , requires a qui te un reasonab le y t o p rov ide the 
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observed frequencies. T h e gyro-frequency, s o m e 1 0 1 2 H z , is t o o high t o give any r ad io emission, bu t 
likely provides the opt ical a n d shor te r wavelength rad ia t ion . T o get t he r ad io frequency rad ia t ion 
in y o u r m o d e l , which is very close t o G o l d ' s , o n e m u s t have the part ic les in bunches , w h o s e scale 
is of the o rde r of a me t re , since these bunches sequent ia l ly rad ia te t owards t h e observer as the velocity 
vectors sequential ly po in t in t ha t d i rec t ion . T h e observed r ad ia t ion field con ta ins r a d i o frequencies 
- this is a compel l ing a r g u m e n t for bunch ing . 

Go ld re i ch has recently shown tha t b u n c h i n g will occur in a s t r eam of rad ia t ing par t ic les . T h e 
leading m e m b e r of a p r o t o - b u n c h , c rea ted by statistics, experiences a grea ter r ad i a t i on react ion 
dr iving it t o the rear . Th i s process con t inues t o p r o d u c e a major b u n c h i n g . 

T h e presence of circular po la r iza t ion m a y p u t n o d e m a n d s u p o n the emiss ion m e c h a n i s m . I t cou ld 
result f rom magne to ion ic effects w o r k i n g o n rad ia t ion initially l inearly polar ized . 

F. G. Smith: I wou ld first l ike t o c o m m e n t o n the suggestion m a d e by G o l d tha t t he rad ia t ion is 
genera ted by the per ipheral m o t i o n of t h e e l ec t rons . In my mode l the r ad ia t ion is n o t genera ted by 
the per iphera l m o t i o n bu t it exists wi th in the ro t a t i ng frame of reference. T h e per iphera l mo t ion has 
the sole funct ion of concen t ra t ing t h e rad ia t ion in to a b e a m . I th ink there is a real difference 
be tween these two app roaches . I n m y mode l t h e per ipheral m o t i o n has a y of only 2\ o r 3, whereas 
in G o l d ' s mode l it mus t be s o m e h u n d r e d s o r m o r e . T h e second poin t which you m a d e suggesting 
tha t the gyro-frequency has n o t h i n g t o d o wi th t he r ad io frequency is n o t obviously t rue . If the 
part icles have very high energies then it m a y be tha t these a re identical . It would , of course , be neces
sary t o explain why the rad ia t ion is pr imar i ly a t t he gyro-frequency, bu t this m a y of course be due 
to t he bunch ing . 

Y o u r ight ly emphas ize the obse rved changes in pulse wid th which a r e m o s t no t iceable a t low 
frequencies. I would , however , emphas i ze t he oppos i te p h e n o m e n o n tha t over a very wide range of 
frequencies above a b o u t 100 M H z , m o s t pu lsars show very little change in wid th . 

Y o u r final po in t conce rn ing ci rcular po la r iza t ion does offer a possibility, bu t aga in I th ink tha t 
to invoke magne to - ion ic theory will be very difficult since the polar iza t ion seems t o be so independent 
of frequency. 

/. V. Jelley: Y o u r b lob c a n n o t surely be all tha t near to the velocity of light circle, because when 
viewed tangential ly t o the orbi t , t he pulse lasts say 1 / io of t he per iod. If this is t he case, t hen for an 
orbi t nea r the velocity of light circle, the t rue d imens ions of your b lob , in the ro ta t ing f rame, will be 
a long a rc in az imuth . 

F. G. Smith: The re a re two different t imes t o be considered. First ly, t he pulse w i n d o w represents 
an a rc which can conta in a source of r ad ia t ion . Secondly, a single isotropic source of rad ia t ion within 
this a rc can give a pulse whose d u r a t i o n is de te rmined by y. T h e d u r a t i o n is in fact of t he order 1/y 3 

t imes the per iod. 
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