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I. INTRODUCTION

CONTEMPORARY astronomy brings one fundamental
discovery after the other. It is sufficient to remind us
that in the short period between 1960 and 1967 quasars,
intensive radio emission in the OH lines, powerful
sources of cosmic x-rays ("x-ray stars") , and the
thermal background radiation with a temperature of
T = 2.7°K have been discovered. To these astronomical
achievements was added in 1968 the discovery of
pulsars.

In the 24th of February 1968 issue of "Nature," a
note was publishedm about the discovery of pulsars,
which for a number of reasons produced a genuine sen-
sation. As early as on the 9th of March a new paper on
pulsars appeared and by the end of May 1968 an inter-
national symposium was held in the USA devoted to
pulsars; some of the results communicated at that
symposium were published in [2].

Soon a number of radio-astronomical and optical
observatories started to study pulsars. It is therefore
not surprising that at the time of writing (December,
1968) there is already much information about pulsars.
All the same one cannot yet consider the situation to
be clear, neither as far as experimental data are con-
cerned, nor, especially, on the theoretical plane. As
far as we are concerned it is therefore too early to do
any summing up. At any rate, we had no such aim in
mind. We are interested primarily in problems of the
mechanism of radio emission by the pulsars and of
possible models of pulsars as radio sources. Of course,
this is only part of the problem, but this part is just
closely connected with radio-astronomy and plasma
physics. This side of the problem will be just the main
subject of our considerations in what follows. At the
same time it seemed appropriate to give here some in-
formation about pulsars and also to make some com-
ments which are not directly connected with the prob-
lem of their radio emission. In order not to complicate
the exposition we refrained from giving any detailed
literature survey. References to most papers on pulsars
can be found by turning to the issues of "Nature," start-
ing with the issue of 24th February 1968 (the literature
published up to the middle of 1968 is given in [2J).

*This paper is mainly based upon a talk given on 26 September
1968 to the General Physics and Astronomy Division of the USSR
Academy of Sciences. However, after the publication in October and
November 1968 of important new results about pulsars, the paper was
appropriately enlarged and changed.

H. SOME INFORMATION ABOUT PULSARS

At the present time we know about ten thousand
sources of cosmic radio emission—different galactic
nebulae (among them shells of supernovae), normal
galaxies, radio-galaxies, and quasars. The radio flux
from most of these sources is constant, or, in a num-
ber of cases, changes but by not more than of the order
of one per cent per year. In the case of quasars one has
observed also larger changes, but all the same these
changes in one day, say, are negligibly small. We must
mention here that we are talking about the " t rue" oscil-
lations in the radio flux from the source, and not about
the scintillations of the sources caused by the effect of
the ionosphere or the interplanetary medium.[3J As r e -
gards fast changes in the true radio flux of cosmic
sources, up to the discovery of the pulsars they were
observed only in the Sun and flare stars.

The most characteristic feature of the pulsars, dis-
tinguishing them from other sources, is just the fast
and moreover periodic change in their flux. In actual
fact, the radio emission F(t) of the pulsars taken at
some frequency v (with a receiver bandwidth &v <c u)
consists of pulses with a complicated structure and a
total length AT of the order of 5 to 50 msec, following
one another after a time (basic period) T ~ 0.03 to 2
sec. Undoubtedly, we are dealing here with cosmic
radio-sources of a new type.

At the beginning of December 1968 20 pulsars were
known which are given in the table. We have no doubt
that the table will already be obsolete when our paper
appears in print. In fact, at the beginning of February
1969 already 27 pulsars were known. (Note by trans-
lator: the number of known pulsars in June 1969 was
37.) However, as we have emphasized, the actual char-
acteristics of the pulsars are given here only for con-
venience and illustration. The names given to most of
the pulsars indicate the place where the pulsar was
discovered and their position on the celestial sphere.
For instance, the first pulsar discovered is CP 1919,
which means the following: Cambridge (C) pulsar (P)
with right ascension 19h19m. Only for some of the
pulsars detected in Australia do the three letters PSR
stand for the word "pulsar." The positions of the
pulsars on the galactic sphere (a, 6) and their galactic
coordinates (I, b) do not on the whole indicate, when we
take into account the incomplete scanning of the sky,
any concentration of sources around some directions.
However, the MP pulsars together with some of the
PSR pulsars are clearly concentrated near the galactic
plane."3
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Pulsar

1.NP0532

2. PSR 0833-45

3. PSH 1929+10
4. MP 1451

5. CP 0950

6. JP 1933+16

7. MP0736

8. AP 0823+26
9. AP 2015+28

10. PSR 1749-28

11. CP0328

12. HP 1506

13. MPO835
14. MP 1426

15. MP 1727

10. CP1133

17. CP 0834

18. CP0808

19. CP 1919

20. PSH 2045—16
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0532 we have given the flux Fv for the whole of the compact radio source in the Crab
nebula; the radio flux of the pulsar itself is appreciably weaker.

The period at which the pulses from the pulsars are
repeated is indicated in the table only with three signifi-
cant figures to make comparison simple; the period is,
however, known with enormously larger accuracy. For
instance, for the pulsar CP 1919, T = 1.33730113 sec.
With the same accuracy of the order of 10"8 one has
found no changes in the periodicity of the pulsar CP
1919, i.e., its " r a t e " changes less than by one second
per year. For most other pulsars the accuracy with
which T has been measured is slightly less, and also
there no change in the period x has been observed (for
the pulsar CP 0328 this statement[5] is made with an
accuracy reaching 10-9 sec*). At the same time differ- of the main pulse.tzJ In [5J it is noted that on average

the pulse width AT increases with the pulsar period
(i.e., approximately AT ~ T). For a number of pulsars
(CP 1919, CP 0834, CP 1133, and others) it was noted
already in a relatively early stage of their study that
the pulse often splits up into two or three subpulses.
The average shape of the pulse with a fine structure
of sub-pulses was determined (see [2 '83). It was as -
sumed that the structure of the pulse reflects the nature
of the emitting region and the processes in it. For in-
stance, if the pulsar is a non-rotating dense star emit-
ting from the regions of its magnetic poles[6] there

ent pulses, even ones following immediately upon one
another can be completely different both in intensity
and shape. The fact that the period of the oscillations
of the pulsars is constant must in this connection be
understood to mean that the period of the corresponding
Fourier-components of the radiation flux is constant.

The shapes of the pulses are different for different
pulsars. For instance, the pulse of the pulsar CP 0950
is a single one and a rather short one (AT ~ 10 msec);
however, at a distance of about 100 msec before this
pulse there is a "precursor" which corresponds at a
frequency of 408 MHz to a flux of 1.8%, on the average,

*We received information at the end of December 1968 that the pe-
riod of repetition of the pulses r is slowly increasing (reported to the
Texas Symposium on Relativistic Astrophysics). For instance, for the
Crab Nebula pulsar NP 0532 the period increases approximately by 10"5

sec per year, i.e., ST/T ~ 3 X 10"13 and the change per period is 5T ~
10"14 sec; the period doubles over a time of the order of 3 X 103 yr. For
the pulsar CP 0834 5r/r = (5 ± 0.8) X 10"ls and the period doubles in
8.106yr; for the pulsars CP 1133, CP 1919, and CP 0950 the periods
double in 9 X 106, 4 X 107, and 3 X 107 yr, respectively. For the pulsar
PSR 0833-45 which lies in the shell of the supernova Vela X, the period
is equal to 0.089 sec and doubles in 2.4 X 10" yr.[4a]
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would naturally occur a splitting into two subpulses
(one is dealing with a dipole field, i.e., with two poles),
and so on.

The most important fact observed after the discovery
of the pulsars [ i ] was, however, the detection"3 of the
regular character of the subpulses and their connection
with the presence of a second period T2 (we call the
time between the pulses the first or basic period TX= T).
In [7J it was shown, using the pulsars AP 2015+28 and
CP 1919 as examples, that at least for those pulsars
the radio flux oscillates also with a short period T2
<g; T1= T. For AP 2015+28 the period T2 = 10.6879
± 0.0002 msec, i.e., T2 « 10"2 sec, while Tj = 0.558 sec.
For CP 1919 the period T2 « 15.5089 ± 0.0001 msec. It
is important that the period T2 is by far less constant
than the period TX. TO be precise, the phase of the sec-
ond oscillations changes by 2TT over 4 x 103 periods T2.
This means that if we were dealing with a damped har-
monic oscillator, we would have a Q-factor

Q = stored energy
loss of energy per period

4 x 103

At the same time, if the main period TX were con-
nected with free oscillations, we would have for it Q
> 108-109.

The period T2 is in practice incommensurable with
the period rx and this leads just to the apparent varia-
bility of the structure of the pulse. To illustrate at
once what is the matter, we give a simple model which
would have the properties characteristic for the above-
mentioned pulsars. Let us imagine a lighthouse whose
radiating "lantern" rotates with a period rx while emit-
ting a light beam with an aperture A<p. An observer on
a ship will then see flashes of the emission from the
lighthouse with a period T1 and a duration AT f» &q>Tj2%.
If the brightness of the lighthouse is now modulated as
F = Fo + a cos (2n-t/T2), i.e., if the brightness changes
with a period T2 ("blinking" lighthouse), one will at once
observe the characteristics which we want to describe
if the periods Jy and T2 are incommensurable. At the
present time it is not yet known whether all pulsars
have a second period. Logically there is no reason
whatever for this to be the case. Moreover, on the
basis of known models one might already assume that
there are pulsars of different types. On the other hand,
at present we cannot likewise exclude the possibility of
a very simple hypothesis, according to which we have
observed so far only one kind of pulsar with two peri-
ods, having the same characteristics as the model of
a simultaneously rotating and blinking lighthouse.*

To avoid misunderstandings we emphasize that when
we talk below about the pulse of the radio-emission of
the pulsars we have in mind, as before, the whole pulse
that repeats with a period T1 = r. We shall call the dif-
ferent components of the pulse, and in particular the
components which have a period T2, subpulses.

As we have already emphasized, the amplitudes of

•Unfortunately, we do so far not know of any confirmation of the
conclusions of [7] by other observers (however, there is indirect confir-
mation in ["]). Under the circumstance, the very probable conclusion
about the presence of the period r2 can not yet be considered to be rig-
orously proven (see in this connection the note added in proof at the
end of this paper).

the pulses vary strongly. Moreover, at some times the
pulses disappear completely (become indistinguishable
from the noise in the apparatus) and afterwards appear
again. For instance, in the case of CP 1919 at a fre-
quency of 81.5 MHz the pulses were observed[1] on the
average during approximately 1 minute and then during
about 3 minutes the pulsar "was silent." At higher
frequencies the length of the pauses increases in some
cases although the ratio of the length of the active phase
to the pause length varies, perhaps, little.

The emission of the pulsars is, generally speaking,
observed in a wide band of frequencies. For instance,
the pulsar CP 1919 has been observed in the range from
40 MHz (X = 7.5m) to 3000 MHz (A. = 10 cm). The spec-
tral radiation flux F,, decreases with increasing fre-
quency. If, as is usually done, the spectrum is approxi-
mated by a power law Fv = const • v~a, the spectral in-
dex for CP 1919 is a = 1.5 (in the frequency range 40
to 400 MHz) and a = 3.2 (in the frequency range 400 to
2300 MHz). For the pulsars CP 0834, CP 0950, and
CP 1133 we have, respectively, a = 1.2; 1.1; and 1.1;
in these cases one did not observe a bend in the spec-
trum.

The average flux from the pulsars is given in the
table and for most cases does not exceed a unit flux,
i.e., 10'2 6Wm"2Hz'1= 10'~23 erg cm"2 Hz"1 sec"1. Sepa-
rate pulses are appreciably stronger: for CP 1919 at
a frequency of 81.5 MHz (A = 3.86m) one has observed l"
pulses with a flux Fu sa 20 x 10"26W-m"2 Hz"1 (we are
dealing here with the peak value of the spectral flux
density averaged in a band of 1 MHz width). Since the
radiation flux of pulsars varies strongly, the flux val-
ues given in the table are only meant to give a very
rough idea of their magnitude.

The pulses occur not simultaneously at different
carrier frequencies: the higher the frequency the ear-
lier the pulse occurs. This effect is undoubtedly con-
nected with the retardation of the pulse in the plasma
lying on the path from the pulsar to the observer. In
practice we are dealing here with the interstellar plas-
ma. Let us explain these statements.

It is well known that when we neglect the influence
of the magnetic field and of collisions, which is fully
justified in the case of interest to us (see, for instance,
[8]), we have n2 = 1 - (WL/W2), where n is the refractive
index, w = 2w is the frequency, WL, =
= (47re2Ne/m)1/2, and Ne = 1.24 x l O 4 ^
density (in the last expression Ne is in cm"3 and v^ in
MHz). In the interstellar medium with Ne ~0.1 cm"3 the
frequency t-L ~3x 10"3MHz = 3x 103Hz. Hence we have
in the radio-astronomical band with a large margin v2

3> I^L, and n = 1 - (v\J2vz). Moreover, the group ve-
locity of the radio waves v g r = dw/dk = c/(d(i>n)/dt')
= en and the time of group retardation is

is the electron

R \ \i dl
t - f dl ~ R i °
&~ i B ~ C "T" 2CV2

Hence

Measuring dc/dtgr a n d ~-e frequency v we can check
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the relation obtained, diydtg r = - const - I A The obser-
vations confirm this dependence and this gives us the

R
possibility to determine f Vj^dl and, hence, the number

0 R
of particles along the line of sight /NedZ. The values

R °
of J NedZ obtained in this way in pc-cm"3 units are

o
given in the table.

It is clear from the table that for all known pulsars
R R
/ N e d / > 3 pc-cm"3 « 1019 cm"2. The value of / Ned/

for the terrestrial ionosphere and for the interplanetary
medium is appreciably smaller. The retardation of the
signals from the pulsars must thus take place either in
interstellar space or in the source itself. The latter
possibility is very unlikely, again because of the large

R
values of f Ne Al (when we restrict ourselves to values

o
of Ne which guarantee that the relation Av/AtgV
= - const 'V3 is satisfied). On the other hand, in the
case of the interstellar medium the occurrence of the

R
observed values of J Ne Al is completely as to be ex-

o
pected, since they lead to reasonable values for the
distances to the pulsars.

If we assume that the average value of Ne in the in-
terstellar space is equal to 0.1 cm"3 we find for the dis-

R
tance to the pulsar as a first estimate R= 1 0 / NedZ pc.

o
Just such an estimated distance has often been used in
the literature. It is clear that the true distance remains
as yet undetermined; most likely, for most directions
the average value of Ne < 0.1 and hence R > Ro. For
instance, according to [10], we have on the average in
the arms of the galactic spiral 0.01 ^ Ne ^ 0.05 and for
HI regions it is reasonable to use the value Ne ~ 0.03,

R
whence R ~ 3R0 = 3 0 / NedZ.

0
It is possible, especially for some directions, that

the electron density in the interstellar plasma is even
lower. For instance, in the spectrum of the pulsar
CP 0328 it has been possible to observe[11] the hydrogen
absorption line (wavelength 21 cm) and to use the Dopp-
ler effect in this line to find the velocity of the absorb-
ing neutral hydrogen clouds. As a result the conclusion
was reached that the pulsar CP 0328 was not lying
closer than 4.2 kpc = 1.3 x 1022 cm. From this it fol-
lows that the plasma concentration along the line of
sight to the pulsar CP 0328 is not more than Ne = 0.006

R
cm"3 since in this case / Ne dZ = 26.75 pc-cm"3 (see the

0 R

table and C5>u]).* In [12] the quantity /NRdZ was deter-
0

mined for our Galaxy in the directions of several pulsars

*The data from ["] about the remoteness of the pulsar CP 0328
have not been confirmed. According to [Ua] and other measurements
on the 21 cm line the distance to the pulsar CP 0328 is less than 1 kpc.

(here Njj is the neutral hydrogen density). Using these
R

values of f NjjdZ the distance R to the pulsars was es-
o r 21

timated in under some reasonable assumptions about
the degree of ionization of the interstellar medium. This
distance turned out to correspond to an average value of
the electron density (taking contributions both from the
disc and from the halo into account) equal to 0.02 to 0.05.
In accordance with what we said earlier it is therefore
at the moment appropriate to choose for an estimate of
the average distance to the pulsars the distance R ~ Ro.
However, we shall sometimes, as is also done by other
authors for the sake of simplicity put R ~ Ro. Of course
this value may in each separate case possibly be im-
proved and such a more precise determination has al-
ready been done for a number of pulsars.[11)12J Indepen-
dent of the estimate of pulsar distances connected with
an actual choice of the electron density in interstellar
space, their localization within the limits of our Galaxy
is certain (in any case it can be asserted for most of
the pulsars).

Knowing the distance R from the pulsar and the radio
flux on the Earth Fu we find the spectral radio power
Pj, = 4TTR2F[, and the total power (radio brightness) of
the pulsar P = 4TTR2/ F^AU, assuming that_the emission
is isotropic. The average spectral power Vv and aver-
age total power P are connected with the averaged (over
a period TJ emission flux Yv by similar relations. The
observed values of F^ are given in the table. Using
these data one estimates easily that, for instance, for
the pulsar CP 1919 at R = Ro = 126pc the_average total
power for all frequencies v > 40 MHz is P ss 1028 e rg /
sec. For "blinking" pulsars giving off an isotropic
radiation with r ~ 1 sec we cannot distinguish between
the energy per pulse and the average power: P ~ 1028

erg sec"1 ~ 1028 erg/pulse; for some pulsars P ~ 1029

erg/pulse. The length of the pulse AT ~ 50 msec, and
clearly the power in the pulse itself reaches 1O30 e rg /
sec, although usually P ~ 1029 erg/sec. If the distance
to the pulsar is R = 3R0, i.e., thrice that taken earlier,
we have correspondingly P %, 1030 erg/sec and P ^ 1031

erg/sec. This last value is only two or three orders of
magnitude less than the solar brightness Lo = 3.86
x 1033 erg/sec. If we use the distance R = 4.2 kpc for
the pulsar CP 0328, its average energy output in the
radio band would be, assuming isotropic emission,
2 x 1031 erg/sec. During the pulse which has a length
of about 7 msec, the instantaneous radio power would be
equal to 3 x 1033 erg/sec which is comparable with the
total solar brightness in the optical band. Even more
remarkable is that the radio power of the pulsars ex-
ceeds by many orders of magnitude the power of the
sporadic solar radio emission. For instance, the total
solar radio power during type III bursts is usually not
more than 1018 erg/sec although the maximum power
for some type II events may exceptionally reach 1023

erg/sec.

However, we have in the foregoing assumed that the
radiation from the pulsar is isotropic, or to be precise
quasi-isotropic like the emission from a dipole. How-
ever, in rotating "lighthouse" models we are clearly
dealing with an essentially anisotropic emission with
an angle of the directional diagram of the emitter of
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A<p ~ 2I7AT/TX ~ 0.1 « 6° for AT ~ 20 msec and r = TX

~ 1 sec. If the diagram has a cone ("pencil") shape
the solid angle corresponding to this diagram is AO
~ (A<p)2 ~ 10"2. For a beavertail diagram which is also
possible in "lighthouse" models (see below) Aft ~ 2-nAcp
~ 1. At the same time for a quasi-isotropic emitter Aft
~ 4TT. From this it is clear that if the power in a pulse
for a quasi-isotropic emitter is equal to Pp and the
power averaged over the period TX is P = P p AT/T1( in
"lighthouse" models both these powers are equal to
Pp Aft/477. One checks easily that in the case of a
beavertail diagram AJ2/4TT ~ AT/TX and that thus the
average power of the radio-emission of a "blinking"
pulsar with an isotropic diagram and that of a "light-
house" type pulsar with a beavertail diagram will be
approximately the same.* For a "pencil" diagram,
however, the average power is smaller by a factor
TJ/AT for the same power in a pulse. For instance, for
the pulsar CP 0328 with T1 « 0.71 sec and AT « 7 x 10"3

sec it is smaller by a factor ~102. The conclusion that
the emission power of the pulsars is by many orders of
magnitude larger than the power of the sporadic radio
emission of the Sun remains, clearly, unchanged.

One of the most important facts observed1113'23 after
the discovery of the pulsars [1 ] is the presence of a
strong polarization of the pulsar radiation. Generally
speaking, the polarization is elliptic, but frequently it
happens to be linear and sometimes circular. The de-
gree of polarization is in some cases nearly 100% for
different subpulses.

We note finally that so far it has not been possible
to identify any of the pulsars with a visual object,! i.e.,
the pulsar is in an optical respect a rather faint star.
Such a conclusion is nearly trivial for the photospheres
of neutron stars as their surface area is very small and
it is in general impossible to observe them in the optical
part of the spectrum even at distances of the order of a
par sec. As far as white dwarf stars are concerned, they
have been observed at distances of the order of 10 to
100 pc provided they are not too cold. The absence of
appreciable optical emission from the pulsars indicates
thus only that they are not too near and moreover that
they are not hot (that means ordinary) white dwarfs or
some other kind of known stellar object.

This is the basic information we have about pulsars;
we must yet again emphasize that we have only given
this for the sake of orientation and convenience, but that
we can in no way assign greater significance to it.

*At the same time the energy emitted during a period of pulsation
will be different because of the different values of the period: rt for a
"blinking" pulsar and T2 for a "lighthouse" type pulsar.

•fin the middle of January 1969 we received a telegram that the pul-
sar NP 0532 had been observed in the optical band — the brightness of
one of the stars in the Crab nebula changes with a period Tt = 0.033 sec
(see [63"6S]). The pulsar NP 0532 in the Crab nebula differs rather much
from all other known pulsars (except perhaps the pulsar PSR 0833-45)
and is clearly extremely young. If we are dealing with a neutron star
with a very strong magnetic field (see Sec. VII) the emission of a rather
large amount of light is a very significant fact.

It is possible for us to assume that the optical emission from a pul-
sar is incoherent synchrotron radiation of relativistic electrons that form
an annular radiation zone in the equatorial part of the magnetosphere
of a rotating neutron star (see also the notes added in proof at the end
of the paper).

HI . P U L S A R S AS A S T R O P H Y S I C A L O B J E C T S

What i s the n a t u r e of t h e p u l s a r s ? A l r e a d y in [ 1 ] t he
a s s u m p t i o n w a s m a d e t h a t we a r e d e a l i n g wi th t he v i -
b r a t i o n s ( r a d i a l o s c i l l a t i o n s ) of wh i t e d w a r f s o r n e u t r o n
s t a r s . Af te r t h a t m o d e l s of d e n s e r o t a t i n g s t a r s o r
c l o s e b i n a r y s y s t e m s ( i . e . , a p a i r of s t a r s o r a s t a r
wi th a s a t e l l i t e ) [ 1 4 ] w e r e a l s o p r o p o s e d . A b i n a r y s y s -
t e m e m i t s g r a v i t a t i o n a l w a v e s and t u r n s out to be u n -
s t a b l e ; [ 1 5 ] i t i s t h e r e f o r e un l ike ly t h a t b i n a r y s y s t e m s
a r e p o s s i b l e s o u r c e s of p u l s a t i n g r a d i o e m i s s i o n .

T h e p e r i o d of p u l s a t i o n s of n e u t r o n s t a r s d o e s , g e n -
e r a l l y s p e a k i n g , not e x c e e d 10~2 to 10"3 s e c . [ 1 6 > 1 7 ] Af ter
t h i s fac t h a d b e c o m e c l e a r and p r i o r t o p u b l i c a t i o n of
m , t he b a s i c p e r i o d of t h e p u l s a r s T1 = T w a s c o n n e c t e d
e i t h e r wi th t h e v i b r a t i o n s of wh i t e d w a r f s o r wi th t h e
r o t a t i o n a l p e r i o d s of n e u t r o n s t a r s ( s e e , fo r i n s t a n c e ,
[ 2 ' 8 > 1 8 ] ) . T h e f u n d a m e n t a l t one of t he r a d i a l o s c i l l a t i o n s
of wh i t e d w a r f s c a n h a v e a p e r i o d of T ^ 1 s e c . One c a n
t r y to c o n n e c t p e r i o d s of T <> 1 s e c wi th o v e r t o n e s . At
t h e s a m e t i m e t h e r e a r i s e s t he n a t u r a l p o s s i b i l i t y 1 6 3 for
a p o w e r f u l r a d i o e m i s s i o n in t h e c a s e of a p u l s a t i n g
s t a r a n d e s p e c i a l l y of a p u l s a t i n g m a g n e t i c s t a r . H o w -
e v e r , in t he m o d e l of a s t a t i o n a r y ( n o n - p u l s a t i n g ) r o -
t a t i n g s t a r wi th s o m e " h o t s p o t " l o c a l i z e d on i t s s u r -
face a s t h e s o u r c e of d i r e c t e d r a d i o e m i s s i o n , t he
m e c h a n i s m fo r t h e r a d i o e m i s s i o n r e m a i n e d u n c l e a r .
T h e a u t h o r s of t he p r e s e n t p a p e r c o n c e n t r a t e d t h e r e f o r e
t h e i r a t t e n t i o n f i r s t of a l l on m o d e l s of v i b r a t i n g whi t e
d w a r f s . [ a 3 We w i s h t o n o t e , h o w e v e r , t h a t we w e r e a l s o
i n t e r e s t e d in h y p o t h e t i c a l m o d e l s of v i b r a t i n g m a g n e t i c
n e u t r o n s t a r s and m o d e l s of r o t a t i n g s t a r s wi th " p e n c i l "
o r " b e a v e r t a i l " d i a g r a m s ( t h e s e a s p e c t s w e r e r e f l e c t e d
in t he t a l k which w a s t he b a s i s of t h e p r e s e n t p a p e r ) .

T h e o b s e r v a t i o n of a s e c o n d p e r i o d T 2 ~ 10" 2 s e c fo r
two p u l s a r s i 7 i a t o n c e i n t r o d u c e d an e s s e n t i a l l y new
e l e m e n t in to t he whole s i t u a t i o n . It i s c l e a r t h a t for
p u l s a r s wi th two p e r i o d s TX < 1 s e c a n d T 2 <^ 10~2 s e c
t h e m o s t p r o b a b l e m o d e l i s t h a t of a n e u t r o n s t a r wh ich
p u l s a t e s wi th a p e r i o d T 2 a n d r o t a t e s wi th a p e r i o d TX .
Such a s y n t h e t i c m o d e l d o e s no t e n c o u n t e r t h e d i f f i cu l -
t i e s i n h e r e n t in t he m o d e l of a p u l s a t i n g w h i t e d w a r f
( s m a l l n e s s of t he p e r i o d rlt p r o b l e m of t he s t r u c t u r e
of t he p u l s e s , a b s e n c e of o p t i c a l i d en t i f i c a t i o n ) . One
c a n a l s o , of c o u r s e , a d d u c e in f avo r of t h i s s y n t h e t i c
m o d e l t h e fac t t h a t t he p e r i o d TX i s s o h igh ly c o n s t a n t
whi l e t h e p e r i o d T 2 i s a p p r e c i a b l y l e s s s t a b l e (for d e -
t a i l s s e e S e c . VII).

We h a v e a l r e a d y m e n t i o n e d t h a t one s h o u l d no t e x -
c lude t h e e x i s t e n c e of d i f f e ren t k i n d s of p u l s a r s c o r r e -
s p o n d i n g , s a y , to r o t a t i n g and v i b r a t i n g n e u t r o n s t a r s ,
to p r a c t i c a l l y n o n - r o t a t i n g n e u t r o n s t a r s wh ich v i b r a t e ,
and , f ina l ly , t o v i b r a t i n g and r o t a t i n g whi te d w a r f s .
H o w e v e r , if t he e m i s s i o n i s no t c a u s e d by p u l s a t i o n s ,
bu t e x c i t e d in s o m e o t h e r w a y d u r i n g the r o t a t i o n of
the s t a r / 1 4 ' 1 8 3 we h a v e r o t a t i n g d e n s e s t a r s a s m o d e l s
fo r the p u l s a r s . H o w e v e r , w h i c h e v e r of t h e s e o b j e c t s
we a r e d e a l i n g wi th , one m a y s u p p o s e t h a t t h e i r r a d i o
e m i s s i o n i s g e n e r a t e d in t he r e l a t i v e l y e x t e n d e d a t m o -
s p h e r e of t h e o b j e c t wh ich i s in a s t a t e of a r a r e f i e d
p l a s m a . We can t h u s d i s t i n g u i s h in t he a n a l y s i s of
p u l s a r m o d e l s two m a i n p r o b l e m s : an " i n t e r n a l " one
c o n n e c t e d wi th a d i s c u s s i o n of t he s t a r i t se l f , i t s v i -
b r a t i o n s , r o t a t i o n a n d t h e i r coup l ing , a n d a n " e x t e r n a l "
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one connected with the mechanism of the radio emission
and in general with the processes in the atmosphere or,
perhaps better, the corona of the star.

Such a division is expedient, since in these problems
we will be dealing with completely different conditions.
It is sufficient to point out that the average density of
the stars we are discussing lies between about 107 to
109 g/cm3 (dense white dwarfs) and 1013 to 1015 g/cm3

(neutron stars). On the other hand, radio-emission with
a frequency u comes from a region where the plasma
frequency is WL = (47rezNe/m)1/2 < w (for the sake of
simplicity we do not consider here the influence of a
magnetic field and also do not consider the possibility
that the plasma moves with a high velocity). When
v = O)/2TT = 100 MHz we get then an electron density
Ne = 1.24 x 1 0 4 ^ L < 108 cm"1, and for the density we
have p < (10~23 to 10'24)Ne < 10 -" to 10'18 g/cm3.

Of course, the "internal" and the "external" prob-
lems are connected: the processes in the corona deter-
mine to some extent the state of the main part of the
star and reflect the processes which take place there.
All the same, the discussion of the radio emission
mechanism is not only of interest in itself but also
must be an aid in solving the problem of the structure
and the different characteristics of the dense parts of
the pulsars. It is in this context that our research has
been developed as will be shown in what follows (see
also [6<6a]).

IV. COHERENT RADIO-EMISSION MECHANISMS OF
PULSARS

Up to very recently galactic and metagalactic radio-
astronomy was dealing only with incoherent radio emis-
sion mechanisms. The main role was there played by
the incoherent synchrotron (magnetic-bremsstrahlung)
mechanism which is connected with the radiation by
relativistic electrons in interstellar magnetic fields;
this mechanism explains well such phenomena as the
distribution of the radio emission in the Galaxy and the
radiation from supernova remnants and radiogalaxies.

In the case of an incoherent mechanism of radio
emission the intensity of the radiation by the source
is equal to the sum of the intensities of the spontaneous
emission from separate elements of the source (excited
atoms, radiating electrons, and so on) provided the re -
absorption of the radiation in the source is unimportant.
This is the case under conditions where the optical
thickness of the source JJL <g 1 (p. is the reabsorption
coefficient and L the size of the source). If jiL ;§> 1,
the intensity of the radiation from the source is equal
to the sum of the intensities of only those separate ele-
ments of the source which are situated in a surface
layer of thickness I « l/\x, i.e., in a layer with optical
thickness equal to unity. The radiation from deeper
layers does not get outside the source because of the
absorption. From what we have said it is clear that
increasing the number of radiating particles per unit
volume only leads to an increase in the radiation inten-
sity of the source as long as JUL < 1. A further increase
in the concentration does not lead to an increase in the
radiation intensity. The fact is that the reabsorption
coefficient \± is proportional to the concentration of the
radiating particles and an increase in concentration

therefore leads to a corresponding decrease in the
thickness of the effectively radiating layer I ~ l / / i ; as
a result the total radiation intensity remains unchanged.

What we have said is particularly clear for the ex-
ample of thermal radiation produced by particles with
an equilibrium energy distribution (this is a special
case of an incoherent radiation mechanism). The role
of the limiting radiation intensity of the source is here
played by the intensity of the radiation from an abso-
lutely black body. The effective radiation temperature
Teff is in that case equal to the kinetic temperature T
of the radiating particles where T ~ r'av /k ( f a v is a
characteristic particle energy and k the Boltzmann
constant). The estimate Teff ~ ' a v A remains valid
also for non-equilibrium distributions of the radiating
particles with an energy dispersion &6 ~ I:

av a-S such
a distribution is not essentially different from the equi-
librium distributions.

As in each actual case for incoherent mechanisms
there exists an upper limit for Teff it is clear that such
mechanisms are primarily effective for extended
sources which are not too dense, i.e., for objects with
a comparatively low effective temperature.

Recently, however, several kinds of powerful sources
with small angular dimensions have been discovered-
quasars, OH emission sources, and, finally, pulsars.
The enormous values of Teff in those sources makes
an interpretation of them on the basis of incoherent
mechanisms improbable—it turned out to be necessary
here to include coherent radio-emission mechanisms*
which had earlier been discussed only in connection
with the Sun, Jupiter and flare stars. [22 ]

Indeed, for pulsars Teff ~ 1021°K and, possibly, even
one or two orders of magnitude higher. This value of
Teff leads to an estimate of the characteristic energy of
the radiating particles of £ a v ~ Teff /k 2, 1017 eV.
Particles with such an energy cannot be present in ap-
preciable numbers in any reasonable pulsar model.
The radio-emission mechanism of pulsars can thus not
belong to the incoherent class. Such a high value of
Teff can be guaranteed only by a coherent radio-emis-
sion mechanism in which the above-mentioned upper
limit on the value of Teff does not exist.

This last circumstance is connected with the fact
that for coherent mechanisms the intensity of the radi-
ation from a source exceeds the sum of the intensities
of the spontaneous emission from the separate radiat-
ing particles which are present in the source. In the
case of distributed sources of radio-emission with di-
mensions L ^> X (A. is the wavelength; only this kind of
source is considered in practice in astrophysics) this
is achieved owing to the existence in the system of a
region with a negative reabsorption coefficient, \x < 0.
Values \x < 0, which are realized under relatively sharp
deviations from equilibrium in the distributions of the
radiating particles in the source, lead to an amplifica-
tion of the radiation from each element in the source

*With one exception: for quasars the incoherent synchrotron mech-
anism does not usually encounter serious difficulties for the explanation
of the observed intensity. In that case the inclusion of coherent emission
mechanisms is possible, but not necessary.!19'20] See also [21] about the
limits of applicability of the incoherent synchrotron radio-emission
mechanism.
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(according to the relation e~K' = el^l '*) before it leaves
its boundaries. In the following we shall apply the term
"coherent radiation" in just that sense. There are, of
course, coherent sources of another kind (in particular,
particle bunches, or "antennae" with dimensions or
with one dimension, small compared to the wavelength)
but they are hardly of any interest under cosmic con-
ditions .

When discussing the nature of pulsars one assumes
usually that the radio-emission comes from an object
of dimensions L < (1 to 5) x 108 cm. This conclusion
is, first of all, based upon the fact that this is just the
value of the radius of a white dwarf vibrating with a
period T ~ 1 sec. For neutron stars with a period of
vibrations T2 ~ 10"2 sec the radius of the dense neutron
and plasma part of the star is r n ~ 107 cm (see im),
but the extended plasma shell and also probably the
magnetosphere reach a size of r > 10B cm. Secondly,
one commonly assumes that the dimension of the radi-
ating region is L < CAT, where AT is the length of the
pulse and c the velocity of light (more exactly, we should
have here the group velocity of the waves). If the condi-
tion L ^ C A T is violated the variation in the radio emis-
sion will be appreciably smoothed out due to the differ-
ent retardation of signals from different parts of the
extended source. For pulsars AT ~ (1 to 5) x 10-2 sec
and L < CAT ~ (3 to 15) x 108 cm (if we are dealing with
a separate subpulse, its length in the cases we know
about is of the order of T2 ~ 1CT2 sec; it is clear that
changing AT to T2 is inessential in the example given).

It is relevant to note that this estimate cannot be
doubted. In the case of a coherent radiation mechanism,
when the intensity I increases exponentially, for an ap-
preciable change in I it is necessary to change the pa-
rameters of the source in a layer for which \n\l ~ 1.
There will then be no smoothing out, if the signal t ra -
verses a distance I ~ 1/ |/j.| during a time not more
than AT, i.e., if the following condition is satisfied:

Hence
i v-\L •-i' cAx, o r L , : c A T | U. | L.

( 1 )

( 2 )

F o r a n e f f e c t i v e c o h e r e n t m e c h a n i s m | / x | L ^ > 1 , a n d

h e n c e t h e i n e q u a l i t i e s ( 1 ) a n d ( 2 ) a r e a p p r e c i a b l y w e a k e r

( b y a f a c t o r | f i | L > 1 ) t h a n t h e c o n d i t i o n L < c A T . I f ,

s a y , I j x l L ~ 1 0 2 , t h e s i z e o f t h e r a d i o - e m i s s i o n r e g i o n
8 2 1 0o f t h e p u l s a r i s 3 x 1 0 8 x 1 0 2 ~ 3 x 1 0 1 0 c m , i . e . , o f t h e

o r d e r o f t h e s i z e o f t h e S u n . F r o m t h i s i t f o l l o w s t h a t

a c o n v i n c i n g b a s i s f o r a n e s t i m a t e o f t h e d i m e n s i o n s o f

t h e p u l s a r i t s e l f i s i n f i r s t i n s t a n c e t h e r e p e t i t i o n p e r i o d

o f t h e p u l s e s o r s u b p u l s e s , i . e . , t h e n a t u r e o f t h e s o u r c e .

H o w e v e r , o n e c a n a l s o s a y t h a t t h e d i m e n s i o n s o f t h e

r e g i o n i n t h e s o u r c e w h i c h i s s u f f i c i e n t l y a c t i v e l y r a d i -

a t i n g i s I ~ 1 / l / j . l < C A T ~ 3 x 1 0 8 c m . T h i s i s , o f

c o u r s e , a l s o a l i m i t a t i o n .

C h a n g i n g n o w t o a d i s c u s s i o n o f c o h e r e n t m e c h a n i s m s

f o r t h e g e n e r a t i o n o f t h e r a d i o e m i s s i o n o f p u l s a r s , w e

* M o r e e x a c t l y , a c c o r d i n g t o t h e r e l a t i o n e x p ( - J > d / ) w h i c h is va l id

w h e n t h e r e is n o " s a t u r a t i o n " ; w e sha l l f o r t h e s a k e o f s i m p l i c i t y w r i t e

t h e o p t i c a l t h i c k n e s s fn dl in t h e f o r m ixl, u n d e r s t a n d i n g b y /i s o m e av-

e r a g e v a l u e o v e r t h e c h a r a c t e r i s t i c d i s t a n c e / o r L . I n t h e c a s e c o n s i d e r e d

/ i s t h e d i s t a n c e f r o m t h e g i v e n e l e m e n t t o t h e " e d g e " o f t h e s o u r c e .

n o t e a t o n c e t h a t t h e r e a r e t w o b a s i c v a r i a n t s o f s u c h

m e c h a n i s m s .

1 ) N e g a t i v e r e a b s o r p t i o n i s a t o n c e r e a l i z e d f o r e l e c -

t r o m a g n e t i c w a v e s w h i c h f r e e l y l e a v e t h e s o u r c e . A s a n

e x a m p l e o f s u c h a m e c h a n i s m w e m a y q u o t e t h e c o h e r e n t

s y n c h r o t r o n m e c h a n i s m w h i c h o p e r a t e s i n t h e s y s t e m o f

a " c o o l " p l a s m a + r e l a t i v i s t i c e l e c t r o n s i n a m a g n e t i c

f i e l d . [ 2 0 ' 2 1 > 2 3 ] F o r a n a p p r o p r i a t e c h o i c e o f t h e e l e c t r o n

e n e r g y s p e c t r u m ( f o r i n s t a n c e , f o r a s p e c t r u m w i t h a

s u f f i c i e n t l y n a r r o w m a x i m u m ) t h e r e a b s o r p t i o n c o e f f i -

c i e n t c o n n e c t e d w i t h t h e s y n c h r o t r o n r a d i a t i o n c a n i n

s u c h a c a s e b e c o m e n e g a t i v e a n d w a v e s e m i t t e d b y t h e

s e p a r a t e r e l a t i v i s t i c e l e c t r o n s i n t h e s y s t e m a r e a c c e l -

e r a t e d b e f o r e t h e y l e a v e t h e c o n f i n e s o f t h e s y s t e m .

2 ) F i r s t o f a l l , p l a s m a w a v e s a r e e x c i t e d ( a c c e l e r -

a t e d ) ( i . e . , t h e p i c t u r e o f t h e a c c e l e r a t i o n o f w a v e s i n

t h e s y s t e m r e f e r s n o t t o e l e c t r o m a g n e t i c b u t t o p l a s m a

w a v e s ) , a n d a f t e r w a r d s d u r i n g t h e t r a n s f o r m a t i o n ( c o n -

v e r s i o n ) p r o c e s s p a r t o f t h e e n e r g y o f t h e s e w a v e s i s

t r a n s f o r m e d i n t o t h e e n e r g y o f e l e c t r o m a g n e t i c r a d i a -

t i o n w h i c h l e a v e s t h e s o u r c e . A n e x a m p l e i s t h e a c c e l -

e r a t i o n a n d i n s t a b i l i t y o f p l a s m a w a v e s i n a " c u r r e n t -

p l a s m a " s y s t e m a n d t h e c o n v e r s i o n o f t h e w a v e s w h e n

t h e i r s c a t t e r i n g i s t a k e n i n t o a c c o u n t ( s e e [ 1 B » 2 2 > 2 4 : 1 ) <

Variant ( 1 ) i s a t t r a c t i v e b e c a u s e a l l t h e e l e c t r o m a g -

n e t i c e n e r g y l e a v e s t h e s o u r c e ( w i t h o u t c o n v e r s i o n p r o -

c e s s e s t h a t d i m i n i s h t h e e f f e c t i v e n e s s o f t h e o p e r a t i o n

o f t h e g e n e r a t i o n m e c h a n i s m ) . Variant ( 2 ) u s u a l l y l e a d s

t o a n a t t e n u a t i o n o f t h e r a d i a t i o n i n t h e c o n v e r s i o n p r o -

c e s s ( i n t h e c o n d i t i o n s o n t h e S u n [ 2 2 ] t h e d e g r e e o f t r a n s -

f o r m a t i o n d r o p s t o 1 0 " 6 ) . H o w e v e r , f o r p u l s a r s — f o r

s o u r c e s w i t h L ~ 3 x 1 0 8 c m a n d a n e f f e c t i v e r a d i a t i o n

t e m p e r a t u r e T e f f 2 1 0 2 1 o K — t h e c o n v e r s i o n t u r n s o u t t o

b e m u c h h i g h e r ( a n e n e r g y i s t r a n s f o r m e d i n t o e l e c t r o -

m a g n e t i c r a d i a t i o n w h i c h i s c o m p a r a b l e w i t h t h e e n e r g y

o f t h e e x c i t e d p l a s m a w a v e s ; t h e s a m e m a y a l s o b e t h e

c a s e f o r q u a s a r s [ 1 9 ] ) . W e a r e d e a l i n g h e r e w i t h t h e f a c t

t h a t o w i n g t o t h e h i g h d e n s i t y o f t h e p l a s m a w a v e s n e c -

e s s a r y t o p r o d u c e t h e p o w e r f u l e l e c t r o m a g n e t i c r a d i a -

t i o n i n p u l s a r s , t h e s o - c a l l e d p r o c e s s o f i n d u c e d s c a t -

t e r i n g o f p l a s m a w a v e s i n t o e l e c t r o m a g n e t i c r a d i a t i o n

i s e f f e c t i v e h e r e .

T h e i n d u c e d s c a t t e r i n g e f f e c t c o n s i s t s i n t h e f a c t t h a t

t h e p r o b a b i l i t y f o r t h e a p p e a r a n c e ( i n c l a s s i c a l l a n g u a g e ,

t h e i n t e n s i t y ) o f a s c a t t e r e d w a v e w i t h w a v e v e c t o r k i s

i n c r e a s e d w h e n w a v e s o f t h e s a m e t y p e a n d w i t h t h e

s a m e w a v e v e c t o r k a r e p r e s e n t . T o b e p r e c i s e , f o r t h e

s c a t t e r i n g ( t r a n s f o r m a t i o n ) o f p l a s m a w a v e s w i t h a w a v e

v e c t o r k / w h e n t h e y t r a n s f o r m i n t o t r a n s v e r s e ( r a d i o )

w a v e s w i t h w a v e v e c t o r fy = k , t h e p r o b a b i l i t y o f i n d u c e d

s c a t t e r i n g i s p r o p o r t i o n a l t o t h e i n t e n s i t y o f t h e r a d i o

w a v e s It(k) s I. A t t h e s a m e t i m e t h e p r o b a b i l i t y f o r t h e

s a m e s p o n t a n e o u s p r o c e s s ( t h e u s u a l s c a t t e r i n g ) i s i n -

d e p e n d e n t o f I ( f o r d e t a i l s s e e [ 2 4 ] ) .

T a k i n g i n t o a c c o u n t b o t h t h e s p o n t a n e o u s a n d t h e i n -

d u c e d s c a t t e r i n g t h e t r a n s p o r t e q u a t i o n f o r t h e c h a n g e

i n i n t e n s i t y o f t h e r a d i o e m i s s i o n i n t h e s o u r c e a l o n g

t h e b e a m ( l e n g t h e l e m e n t dl) c a n b e w r i t t e n i n t h e f o r m

^ a l . + QI.-Ml; ( 3 )

h e r e I j i s t h e i n t e n s i t y o f t h e p l a s m a w a v e s a n d JLLC t h e

a b s o r p t i o n c o e f f i c i e n t f o r r a d i o w a v e s t a k i n g i n t o a c -

c o u n t t h e e l e c t r o n - i o n c o l l i s i o n s i n t h e p l a s m a . T h e
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term ah; corresponds to the spontaneous scattering
(the spontaneous transformation of plasma waves into
transverse waves), and the term /3IjI = /ugl describes
the induced scattering at frequencies a> RS a>L.*

Very important are the angular relations which in
(3) are reflected in the form of the coefficients a and
/3. For the sake of simplicity we shall assume that the
plasma waves form a beam, i.e., that their wave vec-
tors are grouped around some value. In fact, this has
already been taken into account in (3) as otherwise
there should have appeared there integrals over d 3^
which correspond to the formation of radio waves with
wave vector k as a result of the scattering of plasma
waves with different k^. Thus, in (3) I; is some average
intensity of plasma waves with a fixed value of k; which
is the effective value for the packet. In that case a and
j3 depend only on the angle 9 between k; and k —the wave
vector of the radio waves which have been formed (their
intensity is I = 1(9)).

We restrict ourselves here to taking into account
what is usually the most important part of the scatter-
ing, that due to density fluctuations (Rayleigh scatter-
ing). For this kind of scattering the frequency of the
radiowaves formed is u> RS U>I ~ WL = V(477ezNe/m).
We have thenC25]

m (m; '111')1 l'

)! (i ph 3 ."in* 0

here vph = V3kT/m (1 - u^/uj)'1^ = /3~vx/n(wz) is
the phase velocity of the longitudinal waves with fre-
quency u>i; n(w/) = V(l - u^/wj) is the refractive in-
dex for transverse waves at the frequency w;; v-p
= VkT/m is a characteristic thermal velocity for the
electrons, and mi is the mass of the ions.

Apart from a numerical factor l/2, the spontaneous
scattering can be evaluated by defining it as the scatter-
ing by free electrons. The total cross-section for this
scattering is well known to be at = %v (e2/mc2)2

= a)L/6TC4Ne. The value of a in (3) which is integrated
over the solid angle is thus of the order crtNec/vphn(u>;)
(the factor c/vpnn(a;£) takes into account the fact that
the group velocity of the transverse waves is equal to
cn(a>/), while the group velocity of the longitudinal waves
is Vgr RS Vpnn

2 = V3kT/m V(l - w^/o^) . In accordance
with this a = (3/87r)atNe(c/ven(a>j))sin20 which is only
twice the exact value of a in (4). The occurrence of a
dependence on the angle 9 of the form sin2 9 is also
completely understandable: this is just the shape of the
transverse waves emitted by a dipole—an electron vi-
brating under the influence of a longitudinal wave (the
electrical field in this wave is along k; and 9 is thus
the angle between the direction of the vibrations and
the wave vector k of the emitted wave). As regards the
induced scattering, the term /3IjI is typical for the de-
scription of the interaction of waves when one takes

*In principle there is also possible [24a] another variant of the
plasma mechanism in which the plasma eigenfrequency CJL (and hence
also the frequency of the excited plasma waves) is much lower than the
frequency of the radio waves to. The high values of u> are then obtained
by taking into account the induced scattering of the plasma waves not
in the "cold" plasma, but by the relativistic particles in the source.

into account the non-linearity of the medium (classical
language) and for processes such as induced scattering
(quantum language). The analogy with induced scatter-
ing allows us also to understand at once that the angu-
lar dependence is the same for the coefficients a and j3
(for details see [24 ]).

The coefficient for the absorption of radio waves due
to collisions is equal to (see t9])

He (<0) = -

We have here taken into account the fact that in the
cases of interest to us w ^> y|ff, n 2 ^ ( ^ L / ^ ^ e f f / w »
where veff is the number of electron-proton collisions
(a hydrogen plasma; this restriction is, of course,
totally unimportant and is reflected only in the numeri-
cal coefficient in the expression for feff)•

For a uniform plasma and I; = const the solution of
(3) is as follows

(6)

where L is the thickness of the plasma layer (emitting
region). The induced scattering is particularly impor-
tant when the conditions

(4) are satisfied. In that case

/ (0) -

(7)

(8)

Let us estimate the different parameters, assuming
that Ne ~ 108 electrons/cm3, T ~ 108oK, nii/m ~ 2000,
and that the phase velocity of the longitudinal waves is

1010 cm/sec. We then have O>L = 5.64
_ff ~ 10 sec"1, v^ ~ 5

0.1. Moreover, from (4) and (5)

/
2vr x 108 sec"1

X 10 cm/sec, and n
we have

3-10-8 cm" - 10-losin20, a~ 10-16sin20, | - - 10"°. (9)

For a directed plasma wave beam I; = W;vgr, where W;
= E2/4TT is the time-averaged plasma wave energy den-
sity and v g r = V3kT/m V(l - w^/w2) = vpnn2. It is
preferable to use for estimates the density Wj rather
than fy since this quantity is not so sensitive to the
choice of the parameters. For the values which we
have already used v g r ~ 108 cm/sec, Ij ~ 10* W/ and
the first of conditions (7) is satisfied for sin2 9 ~ 1,
provided W ; > 3 x 10"8 erg/cm3. The second of condi-
tions (7) is satisfied for regions with dimensions L
2> 103/Wj. For pulsars both these inequalities are cer-
tainly satisfied. On the other hand, for type III solar
flares Wz < 10"8 erg/cm3 (see [22]) and induced radiation
plays no role or, at any rate, is not decisive.

In actual fact, therefore, induced radiation may under
pulsar conditions become the main cause for conversion,
due to which an (as far as order of magnitude is con-
cerned) total transformation of plasma waves into elec-
tromagnetic waves is guaranteed.

The question now arises, of course, what part of the
energy the source can transfer in the plasma to the ex-
citation of plasma waves. Let, for instance, a fast elec-
tron current in the plasma be such a source. We shall
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w.
Plasma
waves

FIG. 1. Initial particle velocity
distribution functions in the "main"
plasma, f0, and in the current, fs-

FIG. 2. First stage of the de-
velopment of the beam instabil-
ity: a quasi-linear relaxation of
the beam distribution function.

W*

a vs v
FIG. 3. Second stage of the development of the beam instability:

transfer of the energy of the plasma waves into the non-resonance re-
gion of the phase velocities due to induced scattering.

show that under the most favorable conditions this part
will be of the order of the energy of the current itself.

For the sake of simplicity we consider the case « L
3> O>H = eH/mc = 1.76 x 107H, when we can discuss the
excitation of plasma waves without taking into account
the magnetic field. We assume that the velocity distri-
bution functions for the electron current fg and for the
main plasma f0 at the moment the current is injected
have the form schematically indicated in Fig. 1. If the
current is injected into the plasma sufficiently fast
compared with the characteristic times t r , tu, and t^,
which we shall discuss below, a beam instability will
develop as follows (the estimates of the times t r , tu,
and tit given below can be found in C24:i):

In the first stage of the process, the order of mag-
nitude of the duration of which is determined by the
time t r , where

nay, jVg_ (_rs_\ -
2 Ne \Ai-s I 1II(U',./U'T)' (10)

we have a quasi-linear relaxation of the beam distribu-
tion function (here Ng and Ne are the particle densities
in the current and in the plasma, vg and Avg are, r e -
spectively, the average velocity and the initial disper-
sion in the velocities in the current, and WT is the en-
ergy density of the thermal plasma fluctuations). After
a time t plasma waves are generated in the resonance
region of the spectrum with a considerable energy Wj
« Ngmvg/3, increasing the dispersion of the velocities
in the beam and flattening the electron distribution func-
tion. In this stage there appears a "plateau" in the cur-
rent distribution function (a region with af g /8v = 0) and
the generation of plasma waves practically ceases
(Fig. 2).

In the second stage the plasma waves are redistrib-
uted from the resonance region of the spectrum into the
non-resonance region (in the region of phase velocities
where there are no beam particles (Fig. 3)). This takes
place through induced plasma wave-plasma wave scat-
tering over a period tu where

here vxi = vrV m/mi is the ion thermal velocity and Ŵ
is the plasma wave energy density in the non-resonance
region of the phase velocities (Wf <« Wj).

In the third stage we have the induced conversion of
plasma waves into electromagnetic waves. When the
conversion is effective, and we explained earlier the
conditions for this, practically all the energy is changed
into electromagnetic radiation over a period tyt, where

is the electron thermalhere, as before, v - = VkT/
velocity.

The process described here of the excitation of
plasma waves and their conversion into electromagnetic
radiation will be fully completed if the times t r , tu, and
t/t are less than the pulse length AT.

We can neglect the influence of the collisions in the
plasma (as was done in the above analysis of the dynam-
ics of the development of the beam instability), provided
AT <^ 1/^effj where yeff is the number of collisions
given by (5). For pulsars with a sufficiently hot plasma
this condition can easily be satisfied: for instance, when
T ~ 108 °K and Ne ~ 108 electrons/cm3 we have \/veii
~ 10"1 sec, while AT ~ (1 to 5) x 10~2 sec.

The process of the development of an instability and
of conversion which we have indicated here takes place
if there is no "stabilization" when the time t r <g t / j .
This is usually satisfied for electron currents if the
temperature of the main plasma is not too low.[25]

It is, however, not excluded that the currents are
ion (proton) currents. In that case t r will be large com-
pared to tu. The picture of the development of the in-
stability will thus be essentially different: the plateau
is not established at once, and the conditions for the
development of the beam instability acquire a specif-
ically pulsating character—over a period tu the waves
excited by the current are transferred into the non-
resonance region and stabilize the instability. The
plasma waves change thus over a period t^ into radio
emission. The stabilization ceases and the current
again excites a part of the plasma waves; they anew
are transferred to the non-resonance region, change
into electromagnetic waves, and so on. This kind of
process is repeated many times until a plateau appears
on the distribution function of the ion current and the
generation of plasma waves stops completely. As be-
fore, an energy of the order of the kinetic energy of
the current W ~ NgmjVg changes in such a process
into radio emission, but in separate portions. The
time for the transfer of one portion of energy is t ~ tu
+ tu *** t̂ t- For reasonable values of the parameters the
value of t can be of the order of Iff4 sec. It is possible
that a fine structure of the radiopulses with a character-
istic time 'j&lCf4 sec, observed in C8] and in a number of
other papers* is connected with such a pulsating regime

til' ~ - (ID

*Another explanation of the pulse fine structure is given in [26].
There it is connected with the spreading out of a short (< 10~4 sec)
pulse, generated by the pulsar, through the scattering by inhomogene-
ties in the corona of the pulsar. The total length of the pulse (tens of
msec) is in this point of view determined by the parameters of the scat-
tering region and not by the nature of the generation of the radio-
emission in the source. (See also [27] about the role of flickering
(scintillations) of the radio emission of the pulsar in its own atmosphere.
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of the beam instability of ion currents. It will become
clear from further estimates that ion currents are pref-
erable over electron currents not only for an explana-
tion of the fine structure of the radiopulse, but also to
guarantee a high energy output of the current, especially
if the pulsars are situated relatively far away.

From the discussion we have given it follows that
coherent mechanisms (in both variants—with or without
conversion) can explain the effective radio-emission
output from a source with an energy comparable to the
initial energy of the radiating particles. This makes it
possible to estimate the minimum density of charged
particles which is necessary for the generation of the
radio emission from the pulsars.

According to the pulsar radio-emission given in
Sec. II, the emission power in a pulse is for the case
of quasi-isotropic emission for the majority of pulsars
Pp ~ 1030 erg/sec, and the total energy in a pulse is
t" ~ Pp AT ~ 1030 x 3 x 10~2 erg ~ 3 x 1028 erg or some-

what larger. If during the period of the pulse an energy
comparable to the energy of the electrons, is transferred
to the radiation, we have

PpAx-U—i-m^sV, (13)

where V is the radiating volume. Assuming that the ve-
locity of the current vg is of the same order of magni-
tude as the velocity of light c, that the radiating volume
is V ~ L3 ~ (5 x 108)3 cm3 ~ 1026 cm3, we determine the
total number of radiating electrons in the source: NgV
~ 5 x 1034 and also the density of fast electrons in the
current: Ng ~ 5 x 108 electrons/cm3. From this it is
clear that we must in this example have a very dense
electron current (with a density Ng i> Ne, the density
of the "cold" plasma) in order to explain the observed
radio-emission power. If the radiation is not by elec-
trons, but by protons with vg ~ c, the required density
for them is three orders of magnitude less: Ng ~ 105

protons/cm3. These estimates of Ng are, in fact, also
valid for the first variant of a coherent mechanism, as
then there is no conversion at all. It is also clear that
if in the radiating region there is a boost in energy
during the time of the pulse, the requirements on Ng
become weaker.

Just now we have been discussing only a quasi-iso-
tropic emitter—the pulsar. However, the observed
pulsars are in all probability emitting directionally
and rotate. As we saw in Sec. II the power in a pulse
Pp is then diminished by a factor 47r/An for the same
value of the observed flux Fv (AQ is the solid angle
subtended by the directional diagram). For a "beaver-
tai l" diagram Air/Ail > 10, and for a "pencil" diagram
47r/AJ2 > 103. The energy lost by the pulsar during the
period of the pulse AT and the minimum particle den-
sity Ng necessary for the radiation over a period AT
will also be lower by the corresponding factor. The
values of 4ir/An given here characterize also the gain
which is given by the directionality of the emission by
a "lighthouse" type pulsar, as compared with an iso-
tropically emitting, "blinking" pulsar, if we compare
the energies lost to radio emission during the period
of the pulsations (T2 in the first and T1 in the second
case). This is clear since the loss of energy during a
period of the pulsations is for a "blinking" pulsar equal
to the energy emitted during the pulse AT, while in a

"lighthouse" type model the latter is close to the en-
ergy loss during the period of the vibrations T2 (as
T2~AT).

The above comparison of the energy losses during
the period of the pulsations for different pulsar models
is completely plausible as the pulsation period is just
the quantity which determines apparently the character-
istic time for the particle acceleration and so on. From
the comparison it is clear that models with directional
emission require lower values of the particle energy
/•' ss PpAr and of the density Ng determined by the re -

lation tl3). It is then easier than in the isotropic case
to satisfy the condition Ng < Ne for the density of the
radiating electrons, forgetting the possibility of proton
(ion) currents. Moreover, we must note that a "beaver-
tail" diagram for a rotating pulsar does not give any
advantages in the sense of average energy expenditure
on the radiation per unit time (and the particle number
necessary for it) as the average radio-emission power
remains close in that case to the corresponding quan-
tity for a "blinking" pulsar with a quasi-isotropic dia-
gram. However, a "pencil" diagram gives also here a
gain of about two orders of magnitude.

V. PULSAR MODELS: MAGNETIC PULSATING WHITE
DWARFS AND NEUTRON STARS

So far we have discussed the coherent radio-emission
mechanisms in a rather general form in which we can
apply it to any pulsar model. We now wish to make these
models more specific, discussing in first instance mod-
els of pulsars which are magnetic white dwarfs or neu-
tron stars. For the sake of simplicity we shall call both
these types of stars magnetic dense stars. We shall as -
sume that the stars are non-rotating which is not in
agreement with the available observational data (see
above). In this connection we note at once that we shall
consider "synthetic" models (a pulsating and rotating
dense star) in Sec. VII. It is, however, expedient for a
number of reasons to discuss first models of non-
rotating but pulsating stars. Firstly, the existence of
such pulsars is not excluded. Secondly, in the above-
mentioned "synthetic" models the radio-emission
mechanism may be connected with the pulsations of the
stars. The rotation of the star plays then in some sense
a subsidiary role and is displayed by the directionality
of the radiation diagram. The initial discussion of
purely pulsating, but not rotating models is thus appro-
priate if only on methodical grounds.

If we neglect the influence of the magnetic field the
radiation of a pulsating dense star will not be polarized
(this conclusion is independent of the actual generation
mechanism and is already obvious from symmetry con-
siderations). The observed strong polarization of the
radio emission from the pulsars, from linear to circu-
lar polarization, may be connected with the presence of
fairly strong magnetic fields if the waves are generated
in a plasma. The pulsars must thus belong to the class
of magnetic dense stars, if they are dense stars. The
idea that some dense stars should have a rather large
magnetic field is very plausible: this field can and even
should be amplified as compared to the field of the star
from which the dense star was formed (compared, say,
with the field of a star such as the Sun, where H ~ 1 Oe)
when the strongly conducting matter of the star is com-
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pressed under conditions where the lines of force are
"frozen in."

Under "freezing-in" conditions the field changes as
H ~ r"2 ~ p2 / 3, where r is the radius (characteristic
size) and p the density. From this it follows that when
a star is compressed from a size r ~ r , = 7 x 1010 cm
to a size rw(j ~ 3 x 108 cm or r n ~ 107 cm the field
increases, respectively, by a factor 5 x 104 and 5 x 107.
This means clearly that if we start from a field H ~ 1 Oe,
we arrive, respectively, at fields H ~ 105 and 108 Oe. If
a magnetic type star with Ho ~ 104 Oe changes into a
neutron star and if it ends up with a radius r n ~ 106 cm
one may expect even much stronger fields Hn < 1014 Oe
(some years ago this possibility has already been men-
tioned[28>29:l). For a relatively light neutron star with a
dense core radius r n ~ 107 cm and a relatively weak
field Hn ~ 108 Oe at the surface of the dense part of the
star, the dipole field would even at a distance r ~ 3 xlO8

cm have a strength of H ~ 30 Oe. Such a field is still
very strong from the point of view of emission and wave
propagation in the radio band.

In a pulsating magnetic field charged particles must
be accelerated. Firstly, this acceleration is realized
as a result of "magnetic pumping": when there are no
collisions the particle momentum component at right
angles to the field p ± also changes periodically in a
periodic field (the quantity p^/H is an adiabatic invari-
ant); when collisions are taken into account this leads
to an exponential increase in the average momentum
(for details see tS0»31]). Secondly, if the field changes
not only in time, but also is strongly non-uniform there
may appear a very effective cumulative acceleration
mechanism.C32] When the surface of the dense magnetic
star vibrates sufficiently strongly it is likely that its
atmosphere and corona will be strongly turbulent and
the magnetic fields will just turn out to be non-uniform
and variable. The acceleration of particles in the at-
mosphere of a magnetic star leads to the formation of
radiation belts. The particles from the radiation belts
will "be ejected" downwards only in the circumpolar
regions. Moreover, if in the polar regions of the star
the particles are effectively accelerated they will move
outwards in the form of two " je t s . " These " je t s" are
a form of "stel lar" wind—it is probable that for mag-
netic stars this wind will always leave predominantly
from the polar regions.

The generation of radio emission in a pulsating mag-
netic dense star may proceed as follows (we indicate
three basic models ):[6]

Model I. Two fast particle streams leave continu-
ously from the polar regions; the power of the stream
is Pg ~ NgvgegS, where Ng is the density, vg the par-
ticle velocity, eg the particle energy, and S the cross
section of the stream. Shock waves moving in time with
the vibrations of the dense star (or, perhaps, even the
vibrations of the atmosphere for the pulsations) are
ejected in each period upwards from the "cold" plasma
out of the atmosphere of the star (Fig. 4). In the current-
plasma system plasma waves are generated which
change into the radio waves which are emitted by the
pulsar from its polar regions. We have shown above
that an energy comparable with the energy of the cur-
rent can be transferred to the plasma waves while
(through induced scattering) also a comparable part of

the plasma waves will change into electromagnetic ra-
diation; it thus becomes clear that the radiative power
P is of the order of magnitude of the power of the stream
Pg; this leads to an estimate of the density in the rela-
tivistic electron current of Ng ~ 108 electrons/cm3 when
P ~ 1029 erg/sec, vg ~ c, eg ~ me2 ~ 10"8 erg, and S
~ 3 x 1018 cm2. The density of a relativistic ion current
can be less by three orders of magnitude.

The density in the ejected plasma must in the case of
electron currents be not less than Ne ~ 108 electrons/
cm3 (from considerations about the effectiveness of the
generation of plasma waves). Moreover, the extension
in height Ah of the cold plasma must be at least 5 x 106

cm: estimates show that this is necessary in order that
the plasma waves are able to be excited and to be con-
verted into electromagnetic radiation. The total number
of electrons and protons ejected in the cold plasma must
therefore be of the order of Ne AhS > 108 x 5 x 10%
x (108)2 ~ 1031 electrons. The number of energetic elec-
trons lost per second from the radiation belts is NgvgS
x 108 x 3 x 1010TT (108)2 ~ 1035 electrons, i.e., it is con-
siderably higher than the emission of a cold plasma.

Model II. Under the action of a shock wave particles
in the radiation belts "are ejected" in the circumpolar
regions because the adiabatic invariant is no longer an
invariant on the front of the collisionless shock wave
(Fig. 5). The violation of the adiabatic invariance takes
place when the characteristic size of the front of the
shock wave is less than the gyroscopic radius of the
particle. For instance, when W L > ug the front con-
sists of a succession of single waves of width 6 ~ C/WL
while the radius of curvature of the electrons is rjj
~ eg/wjjmc = (eg/mc2)c/wjj. Since in the case of suf-
ficiently energetic particles eg /me2 ^> 1 and, more-
over, wL ^> WJJ, the gyroscopic radius rjj is larger than
the width 6 of the separate waves. When such a shock
wave passes through the region of the radiation belts we
can thus have a breakdown of the adiabatic invariant
which is associated with the intensive "ejection" of
particles. As a result there occurs in the circumpolar
regions of the upper atmosphere in the pulsar model
discussed here a strongly non-equilibrium velocity dis-
tribution of energetic electrons—or protons (streams of
particles to the surface and a shortage of particles with

FIG. 4. Magnetic model I.

Fast-paiticte currents

FIG. 5. Magnetic model II.
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a small transverse velocity component). Thanks to this
plasma waves, which after conversion give radio-emis-
sion, are excited due to beam[22:l or wedge-type[33>34]

instabilities. The coherent synchrotron mechanism[23]

which directly gives radio waves may also be active
(provided the nature of the energy spectrum and the
density of the cold plasma is appropriate); it is very
likely that just this mechanism plays a basic role in
the generation of the pulsar radio emission.

A variant of model II is one in which the shock wave
does not "eject" existing particles from the radiation
belts, but accelerates particles which straightaway are
"ejected" into the circumpolar regions.

In the case of a beam instability model II is close to
model I. It is different in that the generation of ener-
getic particles in model I must be considerably more
intensive than in model II as the emerging of particles
from the radiation belts in model I takes place continu-
ously during the whole of the period while in model II it
only takes place during the pulse. In other words, the
rate of generation of particles in the belts can in model
II be smaller by 1.5 to 2 orders of magnitude.

We have not considered the wedge-type instability in
model II in detail, although results obtained in a study
of the very low frequency radiation of the Earth's mag-
netosphere which appears in roughly the same condi-
tions (but with different parameters of the radiating
region and with a different frequency of the radio-emis-
sion) may be of great help.

The following parameters of the radiating region
would be the best for coherent synchrotron radiation
at a frequency w ~ 2n 108 sec"1 (if the amplification at
the given frequency w takes place in a region of dimen-
sions L ~ 0.2 r, where r ~ 3 x 108 cm is the radius of
the star or its magnetosphere[6:l): density of the
"ejected" particles Ng ~ 3 x 105 electrons/cm3, their
energy eg ~ 10 me2, the density in the cold plasma Ne
= 2 x 107 electrons/cm3, T > 2 x 103 °K, H ~ 6 Oe. For
these estimates we used equations given in t20]. We
need not be disturbed by the fact that the electron den-
sity is insufficient to explain the observed radio-emis-
sion power during the whole pulse (as particles are
flowing downwards from the radiation belts).

Model III. The radiation is generated at the front of
the Shockwaves due to the excitation of plasma waves
and their subsequent transformation into radiowaves
(see also [35] in this connection).

If the propagation is at right angles to the magnetic
field the shape of the front of a collisionless shock
wave is schematically given in Fig. 6. The front con-
sists of successive separate waves with a character-
istic size 6 which depends on the density Ne and the
strength of the magnetic field H in front of the shock
wave. We have then

if

if

if

.XekT i i/-/8.-t
6 » c<B;i/

We recall that WL = V47reaNe/m is the plasma fre-
quency of the cold plasma, WLJ. = W L ^ M a n d WJJ
= eH/mc is the gyrofrequency for electrons. The
plasma waves are generated in the front of the shock
wave due to a beam instability which arises because
of the drift of the electrons relative to the ions. If
WJJ -C OJL (i-e-> H2 ^ 87rNemc2), the drift velocity v^
ss (H/V4irmNe)(M - 1)3/2 and the steady-state plasma
wave energy is Wj « N emvd /6 « H2(M - 1)3/24TT, i.e.,
of the order of the energy density in the magnetic field
(M is the Mach number which in this case is the ratio
of the velocity of the shock wave and the velocity of
the magnetohydrodynamic waves VA = H/V 4irp
« H/V47rmiNe).

This model for the generation has, however, some
weak spots. First of all we note that an effective gen-
eration of plasma waves occurs only for shock waves
which move across the magnetic field. When the angle
between the plane of the front of the shock wave and the
field H becomes appreciable, the width of the front in-
creases and the conditions for the generation of plasma
waves steeply deteriorate. The effective excitation of
plasma waves by shock waves can therefore in a pulsar
only take place in the equatorial regions. Moreover,
even when the shock wave propagates across the mag-
netic field an effective generation of plasma waves takes
place only if WJJ <§; wj_, (if the opposite inequality holds
the increment of the plasma waves is so small that the
plasma waves cannot be appreciably be amplified during
the time that a single wave passes through the given
layer). However, the variant WJJ <C WL is poor because
the induced scattering is ineffective at distances of the
order of the thickness of the shock wave so that the de-
gree of transformation of the plasma waves into elec-
tromagnetic waves steeply decreases. Model III is thus
less likely than I or II.

When discussing the different models we used non-
relativistic expressions (see, for instance, [13]) and we
assumed that the "basic" plasma with density Ne, and
so on, was non-relativistic. In general, this is all pos-
sible only provided the energy density Wt of the radio
waves is small compared with the self-energy density
of the electrons in the plasma mc2Ne ~ 102 to 103 e rg /
cm3 for typical values of Ne ~ 108 to 109 cm"3. The
radio-emission power P ~ cW^S' where S' is the cross
section (area) of the radio-emitting region to which we
assign as an estimate a value of S' ~ 7rr2 ~ 3 x 1017 cm2

(a characteristic dimension is r ~ 3 x 108 cm). Hence
Wt ~ 10"28P ~ 102 erg/cm3 when P ~ 1030 erg/sec. It
is probable that for many pulsars P < 1030 erg/sec and,
possibly, S" > 3 x 1017 cm2. Under those conditions Wt
<gC mc2Ne. However, for the pulsar CP 0328, for in-
stance, with a "beavertail" diagram we have P > 1032

erg/sec (see Sec. II) and Wt < 102 erg/cm3 only if S'
>3 x 109 cm2, i.e., r > 3 xlO9 cm. The necessity to
approach the problem relativistically is thus by no

H,

FIG. 6. Structure of the front of a
collisionless shock wave propagating
across the magnetic field.

U<?-
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means excluded. We shall, however, restrict ourselves
to non-relativistic estimates (apart from the estimates
for the case of coherent synchrotron radiation, of
course).

In the foregoing we were dealing, when discussing
the various models, mainly with schemes for the gen-
eration and with energy estimates. To compare the
models with observations we must also make clear
whether we are able to explain a number of actual
properties of the pulsar radio emission. The most im-
portant problem is here that of the directional diagram
of the emission. The authors did originally not pay at-
tention to this point,[6J since they connected the main
pulsar period with white dwarf oscillations. The ob-
servation of the second period, however, led to the con-
clusion that the star was rotating and that the polar di-
rectional diagram for its emitted radiation was narrow.
Turning therefore to the problem of the directional dia-
grams in the magnetic models discussed above we ob-
served [6a] that the directional diagram can become
narrow in these models. We shall consider this prob-
lem in Sec. VII.

Here we note that the observed strong changes in
the intensity ("fading") of the pulses of the pulsar
radio-emission with characteristic times of the order
of several seconds and larger are, in model II, possi-
bly connected with a depletion of the radiation belts as
a result of the "ejection" of particles from them. It
takes some time to store up new particles with suffi-
ciently high energies. In model I the "fading" (disap-
pearance or strong decrease of the intensity of the
pulses) time can be assumed to be the time necessary
for the cold plasma to flow near the poles replacing the
plasma ejected upwards by shock waves.

One must separately discuss the polarization of the
radio emission. The role of the stellar rotation is as
yet unclear in this connection; it is very well possible
that it is unimportant. We shall therefore discuss the
polarization problem in the next Sec. VI, neglecting the
rotation of the star.

VI. THE POLARIZATION OF THE PULSAR RADIO
EMISSION

One of the most important characteristics of pulsars
which needs an explanation is the strong polarization of
the radio emission. Usually the polarization is close to
being linear, but sometimes also elliptical polarization
right up to circular polarization has been observed.
When studying radio-emission mechanisms and the
propagation of radio waves in the vicinity of the pulsar
we must therefore explain not only the appearance of
linear polarization (which is particularly difficult), but
also the variations in the nature of the polarization.
The difficulty here lies in the fact that in the case when
a source generates in the plasma a wave of one kind
(the extraordinary wave, say), the polarization of the
radiation becomes circular, when the wave goes into
the interstellar medium following the geometrical
optics rules, independent on its character in the source.

The first condition—the generation of a wave of one
kind—is probably characteristic for pulsars. We are
dealing here with the fact that when the radiation in the
source is sharply amplified when not only the condition

||j.1)2|L 3> 1 (L is the size of the source, the Ifx1;2| are
the amplification coefficients of the ordinary or the ex-
traordinary wave) but also the inequality l/j^ - /i2|L ;§> 1
is satisfied, the polarization of the radiation emerging
from the source is determined by the character of the
polarization of the wave of that type for which the am-
plification coefficient is largest/21 '363 What we have
stated here is clear as under those conditions that par-
ticular wave will be predominantly accelerated in the
source. (The induced scattering coefficient /j.g can here
also play the role of n; see Sec. IV*.)

For the emerging of a linearly polarized radiation
from the source it is first of all necessary that the or-
dinary and extraordinary waves in the source are lin-
early polarized. It is well known that this is realized
if the radiowaves propagate quasi-perpendicularly to
the magnetic field, and especially in the case when the
condition

(14)

is satisfied; here a is the angle between the magnetic
field H and the wave vector k; details about the quasi-
perpendicular and quasi-parallel propagation of radio-
waves can be studied in "i221 .

Condition (14) will be violated in a wide range of
angles a, if oi^ /a>2 > 1 or w^ /w2 <g; 1 and at the
same time wfj /w2 <C 1. However, in the case when at
least one of these inequalities is not satisfied, i.e.,
when WL/W 2 « 1 or wfi/w2 > 1, the condition for
"quasi-perpendicularity" (14) is satisfied in a rela-
tively large range of angles a around %TT. In practice
this means that inequality (14) holds for the generation
of radio-emission in the region u> « wj_, or OIK wg
(when w < WJJ the emerging of the radio-emission
from the plasma is inhibited, in particular, because
of the absorption in layers where the frequency w is
equal to the electron gyrofrequency WJJ).

However, the fact that the inequality (14) is satisfied
in the generation region is insufficient for the observa-
tion of the linear polarization of the pulsar as in the
interstellar medium WJJ/W <C 1, WL/W <C 1, and in-
equality (14) turns into its opposite. In the interstellar
medium we therefore have a quasi-parallel propagation
and both types of waves are circularly polarized. As
we have already noted, if the transition from the region
of quasi-perpendicular propagation to the region of
quasi-parallel propagation takes place while the geo-
metrical optics approximation remains valid the polar-
ization of the waves of one type gradually changes and
becomes circular.

The linear polarization after emerging into the inter-
stellar medium is retained only when the geometrical-
optics approximation (according to which the polariza-

*To avoid misunderstandings we emphasize that the polarization of
incoherent synchrotron radiation (for instance, the radio emission from
galaxies, supernova remnants, and so on) is determined by the polariza-
tion of the radiation emerging from the different volume elements of
the source itself, when there is no appreciable reabsorption (lMi,2lL < 1).
Since the synchrotron radiation of each such element is a linearly polar-
ized, the observed radiation must also have a linearly polarized compo- ,
nent. The degree of linear polarization is, generally speaking, decreased
by the Faraday effect in the source
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tion of the waves changes in agreement with the change
in the parameters of the medium) will be violated be-
fore inequality (14) becomes invalid. Such a violation
of the geometrical optics approximation is by reference
to the polarization characteristics of radiation, when
the radiation makes a transition to the rarefied inter-
stellar medium, called the "limiting polarization" ef-
fect. It consists in the fact that the polarization of the
radiation does not change in the region where geomet-
rical optics is inapplicable and remains the same as
before it entered this region.l9>Z2i

The position of the layer in which geometrical optics
is violated is determined by one of the relations (see
[22], Sec. 24)

1 i
I F

(15)

depending on which of the characteristic lengths—that of
the change in the field LH or of the change in the density
Ljj—is the smaller. For pulsars it is more likely that
—H > — N s o that our further considerations will be
based upon the second equation of (15).

It is clear from (15) that the position of the boundary
of the geometrical optics region depends on the actual
parameters of the plasma; for instance, when LJJ and LJJ
increase, the boundary is displaced to a layer with
smaller values of wL, wH, and so on. We note that the
displacement of the layer (15) can explain the variation
in the character of the polarization of the radio emission
of the pulsar. If this layer is situated far from the pul-
sar, in the region of the quasi-parallel propagation
where the inequality (14) is changed into the opposite,
the polarization of the observed radio emission becomes
circular. When the layer (15) is situated in the inter-
mediate region

0 1 ! f „ . . / , <»L\- / • • c \
— ^ - t g 2 a s i n 2 a ~ 1 1 -^-J , ( 1 6 )

w h e r e w a v e s o f b o t h t y p e s a r e e l l i p t i c a l l y p o l a r i z e d , a n d

t h e p o l a r i z a t i o n o f t h e r a d i a t i o n r e c e i v e d w i l l a l s o b e

e l l i p t i c a l .

A s l i n e a r p o l a r i z a t i o n d o m i n a t e s i n t h e r a d i o e m i s -

s i o n o f p u l s a r s , t h e l a y e r

i f . ~ - T T - = J r - ( 1 7 )

i s s i t u a t e d m o s t l y i n t h e r e g i o n ( 1 4 ) o f q u a s i - p e r p e n d i c -

u l a r p r o p a g a t i o n . W e m u s t e x p e c t t h a t n e a r t h e p u l s a r

A. < C L j g a n d , t h u s , t h a t a t t h e b o u n d a r y o f t h e r e g i o n o f

a p p l i c a b i l i t y o f g e o m e t r i c a l o p t i c s w ^ / w 2 < ^ C 1 . T a k i n g

t h i s i n e q u a l i t y i n t o a c c o u n t t h e c r i t e r i o n ( 1 4 ) b e c o m e s

- ™ t g 2 a s i n 2 a > 1 . ( 1 8 )

I n a n a p p r e c i a b l e i n t e r v a l o f a n g l e s a a r o u n d l / 2 i r ( f o r

i n s t a n c e , f o r v a l u e s o f a > 7 0 ° , f o r w h i c h t a n 2 a s i n 2 a

< : 1 0 ) t h i s i n e q u a l i t y i s s a t i s f i e d , i f W J J / W ~ % . A t a

f r e q u e n c y o > = 2 - n v ~ 2 i r x 1 0 8 s e c " 1 a v a l u e o f H ~ 1 0 O e

c o r r e s p o n d s t o t h i s r e l a t i o n .

T h e s e c o n d e q u a t i o n o f ( 1 5 ) d e t e r m i n e s r e q u i r e m e n t s

a s t o t h e e l e c t r o n d e n s i t y i n t h e t r a n s i t i o n l a y e r . I t i s ,

h o w e v e r , n o t p o s s i b l e t o d e t e r m i n e f r o m i t i n d e p e n d e n t l y

N a n d L J J , s i n c e t h e y o c c u r o n l y a s t h e i r p r o d u c t N L N

I t f o l l o w s f r o m t h e a b o v e - m e n t i o n e d r e l a t i o n

" 7 c m " 2 s e c 2 , i . e . , N L N ~ 3 x 1 0 9

c m a t a f r e q u e n c y v ~ 1 0 H z . T h i s v a l u e o f N L J J c a n

b e r e a l i z e d i n t h e n e i g h b o r h o o d o f a p u l s a r , f o r i n s t a n c e ,

w i t h L N ~ 1 0 7 c m a n d N ~ 3 x 1 0 2 e l e c t r o n s / c m 3 .

I t i s v e r y i m p o r t a n t t h a t t h e v a l u e N L ^ f ~ 3 x 1 0 " 7

c m " 2 s e c 2 o b t a i n e d h e r e l e a d s t o a n i n s i g n i f i c a n t d e p o l a r -

i z a t i o n o f t h e r a d i o e m i s s i o n d u e t o t h e F a r a d a y e f f e c t

i n a r e g i o n o f t h i c k n e s s L J J a b o v e t h e l a y e r ( 1 6 ) . * I n -

d e e d , w e n e e d n o t c o n s i d e r a n a p p r e c i a b l e d e p o l a r i z a -

t i o n w h e n t h e r e i s q u a s i - p a r a l l e l p r o p a g a t i o n i f t h e

a n g l e o v e r w h i c h t h e p l a n e o f p o l a r i z a t i o n i s r o t a t e d

o v e r a d i s t a n c e L J J s a t i s f i e s t h e r e l a t i o n

( 1 9 )

( f o r d e t a i l s s e e [ 2 2 ] , S e c . 2 3 ) . W h e n H ~ 1 0 O e a n d c o s a

~ 1 , t h i s i n e q u a l i t y w i l l b e s a t i s f i e d , i f t h e q u a n t i t y

N L ^ " 2 < 2 x 1 0 " 6 c m " 2 s e c 2 . A m o m e n t a g o w e f o u n d

t h a t a t t h e b o u n d a r y o f t h e r e g i o n w h e r e g e o m e t r i c a l

o p t i c s i s a p p l i c a b l e ( a n d c e r t a i n l y i n h i g h e r l a y e r s )

N L ^ " 2 ~ 3 x 1 0 " 7 c m " 3 s e c 2 . T h i s m e a n s t h a t t h e i n -

f l u e n c e o f t h e F a r a d a y e f f e c t i n t h e s c h e m e c o n s i d e r e d

h e r e f o r t h e g e n e r a t i o n a n d p r o p a g a t i o n o f r a d i o - e m i s -

s i o n i n t h e n e i g h b o r h o o d o f t h e p u l s a r c a n b e n e g l e c t e d .

T h e l i n e a r p o l a r i z a t i o n o f t h e p u l s a r r a d i o e m i s s i o n

( a n d i t s v a r i a t i o n u p t o c i r c u l a r p o l a r i z a t i o n ) c a n t h u s

b e e x p l a i n e d i f w e a s s u m e t h a t t h e r a d i o e m i s s i o n c o r -

r e s p o n d i n g t o o n e k i n d o f w a v e i s g e n e r a t e d i n a r e g i o n

o f q u a s i - p e r p e n d i c u l a r p r o p a g a t i o n ; m o r e o v e r , w h e n i t

g o e s i n t o t h e i n t e r s t e l l a r m e d i u m ( w h e r e t h e p r o p a g a -

t i o n i s q u a s i - p a r a l l e l ) g e o m e t r i c a l o p t i c s m u s t c e a s e

t o b e v a l i d b e f o r e t h e c o n d i t i o n o f q u a s i - p e r p e n d i c u l a r

p r o p a g a t i o n . T h e r e i s n o e s s e n t i a l c h a n g e i f t h e r a d i a -

t i o n c o r r e s p o n d i n g t o o n e t y p e o f w a v e i s g e n e r a t e d i n

a q u a s i - p a r a l l e l r e g i o n b u t l a t e r p a s s e s t h r o u g h a l a y e r

o f q u a s i - p e r p e n d i c u l a r p r o p a g a t i o n b e f o r e i t e m e r g e s

i n t o t h e i n t e r s t e l l a r m e d i u m ( o f c o u r s e , u n d e r c o n d i -

t i o n s s u c h t h a t t h e e m e r g i n g i n t o t h e i n t e r s t e l l a r m e -

d i u m f r o m t h e q u a s i - p e r p e n d i c u l a r r e g i o n w i l l t a k e

p l a c e a s i t w a s d e s c r i b e d a m o m e n t a g o ) .

C o n c l u d i n g t h i s s e c t i o n w e n o t e t h a t i n [ 3 7 ] a n o t h e r

e x p l a n a t i o n o f t h e l i n e a r p o l a r i z a t i o n o f t h e p u l s a r

r a d i o e m i s s i o n w a s p r o p o s e d w h i c h w a s b a s e d u p o n t h e

e f f e c t o f t h e i n t e r a c t i o n b e t w e e n t h e o r d i n a r y a n d t h e

e x t r a o r d i n a r y w a v e s w h e n t h e y p a s s t h r o u g h a t r a n s -

v e r s e m a g n e t i c f i e l d . T h i s i n t e r a c t i o n i s c o n n e c t e d

w i t h t h e b r e a k d o w n o f g e o m e t r i c a l o p t i c s i n t h e r e g i o n s

l y i n g o n b o t h s i d e s o f t h e l a y e r w h e r e H 1 k ( k i s t h e

w a v e v e c t o r o f t h e r a d i a t i o n ; f o r d e t a i l s s e e a n d

[ 2 2 ] , S e c . 2 4 ) . T h e i n t e r a c t i o n i s c h a r a c t e r i z e d b y a

p a r a m e t e r 6 0 <*> L N H s / f 4 ( w h e r e L i s t h e c h a r a c t e r i s t i c

l e n g t h o v e r w h i c h t h e m a g n e t i c f i e l d c h a n g e s i t s d i r e c -

t i o n i n t h e r e g i o n c o n s i d e r e d ) . If a c i r c u l a r l y p o l a r i z e d

w a v e e n t e r s i n t h e i n t e r a c t i o n r e g i o n , t h e r a d i a t i o n w i l l

b e p a r t i a l l y l i n e a r l y p o l a r i z e d w h e n i t l e a v e s t h i s r e -

g i o n a n d t h e d e g r e e o f l i n e a r p o l a r i z a t i o n p i = 2 e " 6 °

x ( l _ e " 2 6 o ) 1 / 2 i s e q u a l t o u n i t y w h e n 6 0 = I n V T a n d

d e c r e a s e s f a s t a s 6 0 g e t s a w a y f r o m t h a t v a l u e . I f w e

a l s 0 b e a r i n m i n d it becomes clear that

that NLNi/"2 ~ 3 x 10

*Notwithstanding the high values of COH and "L in the source and
its immediate neighborhood (near the layer corresponding to condition
(16)) there is in that region no depolarization because there is no Fara-
day effect. This is connected with the quasi-perpendicular character of
the propagation and the predominant generation in the source of waves
of only one kind (ordinary or extraordinary waves).
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the frequency-dependence of the interaction effect which
leads to the occurrence of linear polarization is very
steep. It is unlikely that for different pulsars in the re -
gion where the field H is transverse (i.e., where H i k )
the values 60 = In V"2" which alone in the scheme of C37:'
can lead to the appearance of strongly linear polariza-
tion are realized.

Summarizing, we are led to the conclusion that for
coherent radio-emission sources (characterized by the
presence of wave amplification and of a sufficiently
dense plasma) amongst which we have the pulsars, the
occurrence of linear polarization and other polarization
features is most plausibly explained along the lines of
the present section. We are dealing here, to be precise,
with the emission of waves in the region of quasi-per-
pendicular propagation and with the transition to quasi-
parallel propagation under conditions where as far as
the polarization of the radiation is concerned the geo-
metrical optics approximation breaks down (for the de-
termination of other parameters such as the direction
of the ray, geometrical optics remains in general well
applicable; for details see [9 ]).

VH. SYNTHETIC PULSAR MODELS; PULSATING AND
ROTATING MAGNETIC NEUTRON STARS

Until the observation[7] of two periods T1 and T2 in the
radio emission of the pulsars, it was a priori unlikely
that one needed to consider simultaneously both rotation
and vibrations of a star. But now it is clear that just
models of pulsating and rotating stars (which we shall
call for simplicity synthetic models) deserve most at-
tention.

The most important element of the synthetic models
which lay any claim to a comparison with the available
observational data is, however, not that the rotation it-
self is taken into account, but the narrowness of the di-
rectional emission diagram. Indeed, if a pulsating star
with a quasi-isotropic (say, a dipole) directional emis-
sion diagram rotates, the change in the radio-emission
intensity may have two periods but under not even the
most peculiar circumstances could we expect the prac-
tically total absence of radiation during the greater part
of the main period.

The directional diagram must thus be narrow with a
characteristic opening angle Acp ~ 2ITAT/T1. Both "pen-
ci l" and "beavertail" diagrams are admissible. In both
cases, of course, the rotational axis of the star may not
coincide with the symmetry axis of the diagram. To be
precise, we shall assume that we are dealing with mag-
netic stars with a rotational axis and a magnetic axis
(i.e., with an axis which is equivalent to a magnetic di-
pole; it is, of course, not necessary that the field is a
dipole) which do not coincide. It is then plausible to as -
sume that the axis of symmetry of a "pencil" diagram
coincides with the magnetic axis (Fig. 7). For a "beaver-
ta i l" diagram it is likewise plausible to assume that the
magnetic axis is perpendicular to the plane of the dia-
gram, i.e., that the symmetry plane of the diagram co-
incides with the magnetic equatorial plane (Fig. 8).
Asymmetric diagrams are, of course, logically admis-
sible and also diagrams with a symmetry plane which
coincides with the plane of a magnetic meridian. In the
last case, however, when the symmetry is conserved

FIG. 7. Synthetic model with
a "pencil" directional diagram.

Rotation axis

Magnetic axis
FIG. 8. Synthetic model with a "bea-

vertail" directional diagram. We have
cross-hatched the intersection of the dia-
gram with the plane of the figure in
which the rotational axis and the mag-
netic axis lie; the diagram has symmetry .
around the magnetic axis.

there occurs degeneracy—all meridional planes are
equivalent. Therefore, if we select one such plane we
must to some extent forego the magnetic symmetry
(symmetry with respect to the magnetic axis). It seems
to us that there is no basis, at least at this stage, to r e -
nounce magnetic symmetry.

We must note that in a synthetic model, owing to the
directionality of the radiation, the discontinuous charac-
ter of the generation, which in the pulsating model guar-
anteed the "silence" of the pulsar during most of the
period Tlt becomes unnecessary. For instance, in the
framework of model II (see Sec. V) the "ejection" of
particles from the radiation belts must now take place
not sporadically but continuously, guaranteeing thereby
the continuous generation of radio emission in the cir-
cumpolar regions. The modulation of the radio-emission
level with a period T2 can then in final reckoning be con-
nected with the periodic variations of the magnetic field
of a pulsating star, which change the parameters in the
generation region.

In the synthetic model there is also the possibility of
a variant of the magnetic model II without the "ejection"
of particles from the radiation belts. Instead of in the
polar regions the generation of radio emission will then
take place in low latitudes, in regions occupied by the
radiation belts, provided the conditions for the amplifi-
cation of synchrotron radiation or for the excitation of
plasma waves (taking wedge-type instability or tempera-
ture "anisotropy" into account) are realized.

A narrow directional diagram can be formed in a num-
ber of cases. For instance, ultrarelativistic particles are
more complicated emitters moving in vacuo, and emit
basically within the angular limits A<p ~ V1 - (vz/c2) near
the direction of their velocity v (of course, within the an-
gular limits Acp the diagram may have many lobes, as far
as that is concerned, Figs. 7 and 8 are only symbolic).
Narrow diagrams are also typical for induced radiation
and scattering when there are no saturation effects. In
the magnetic models discussed in Sec. V the radio emis-
sion appears just either as the result of induced scatter-
ing by plasma waves or as the result of induced (coher-
ent) synchrotron radiation.

The amplification coefficient | /x | of the synchrotron
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radiation is a maximum for waves propagating at right
angles to the magnetic field.[39'40] If the intensity of the
radio emission emerging from the generation region is
I = I,jeIMI—', where |/i|L 2> 1, even for a small deviation
of the propagation direction the quantity | /_. 1 decreases
by unity and the intensity by a factor e. From this it is
clear that the condition lAfilL ~ 1 determines the width
of the directional diagram in the case of a coherent ra-
diation mechanism. When applied to a magnetic dipole
field in which the radio emission is generated in circum-
polar or equatorial regions (where the magnetic field is
directed at right angles to the plane of the magnetic equa-
tor) the diagram will be rather narrow and, moreover,
will be a "beavertail" with a symmetry plane coinciding
with the plane of the magnetic equator. Models I and II
correspond to the same kind of "beavertail" diagrams
in the case where the radio emission from the polar r e -
gions arises as a result of induced scattering of plasma
waves excited by particle currents along the magnetic
field. The plasma waves are then mainly also excited
along the magnetic field, i.e., along the magnetic axis.
We have shown in Sec. IV that the induced transforma-
tion is characterized by expression (8) which can be
written in the form

here Io = a//3, b sin2fl = /3Ij, and 6 is the angle between
the magnetic axis (direction of propagation of the plasma
waves) and the wave vector of the radio waves. The dia-
gram obtained is clearly maximal for 9 = % IT and will be
rather sharp when b L > 1,

Let us estimate the opening angle Acp of this diagram
(see w a : l ) . According to (9) Io = a//3 ~ 10-6 and we need
only determine the value of bL. For this we note that the
pulsar radio-emission flux observed on the Earth F
~ (r/R)2I(jr/2), where r is the radius of the emitting r e -
gion in the pulsar, R the distance from the pulsar, and
I(TT/2) the intensity of the radio-emission in the pulsar
at the maximum of the directional diagram. The spectral
density of the flux for pulsars Fv is of the order of a flux
unit, i.e., F,, ~ 10-28W/m2 Hz = IO"23 erg/cm2 sec Hz.
If the scattering is from density fluctuations (Rayleigh
scattering), as is most probable, for a given frequency
of the plasma waves the scattered radiation is character-
ized by a spectral width Aw ~ (m/mi)1/2^—/vpn) WL
~ 10 - 3 WL ~ 10-3w (we use here the values from Sec. IV).*
The width is thus Aw ~ 2ir Au ~ 2TT X IO5 Hz for w ~ 2TT
x 10s Hz and the flux which is of interest to us F ~ Fu
x A i / ~ 10-18 erg/cm2 sec ~ (r/R)2I(V277) ~ 10~26I(TT/2)
for r ~ 3 x 108 cm and R ~ 1 kpc « 3 x 1021 cm. Hence
I(TT/2) = IoebL ~ i<r8eb- ~ io8 erg/cm2 sec Hz and bL
= In [I(TT/2)/I0] ~ 30. The width of the directional diagram
Acp can be determined from the relation I^ir - Acp)

= x/aI(i/aff) a n d w h e n A(p « ! w e

have
-0.15 — 8°. (20)

*The scattering line width AOJ is the Doppler width for the scatter-
ing of waves with frequency co ~ <UL and phase velocity vph for ions
with a velocity of the order vji = (m/mi)/Vr = ^ k'T/mi, for the veloc-
ity vph we must take here the velocity of the longititdinal waves vph/ =
>TJ vr/n as in the given case it is less than the velocity of the transverse
waves vpht = c/n.

Since bL depends only logarithmically on the intensities
I(TT/2) and Io, the estimate (20) characterizes relatively
well the emission diagram of the pulsars in the models
discussed.

According to [4oa], the duration of the pulse AT de-
creases for the pulsar CP 1133 with increasing frequency
(to be precise, AT = 72 msec at a frequency of 40 MHz
and AT = 40 msec at a frequency of 430 MHz). If the
pulsar CP 1133 has a short period T2, for which there
are some indications,[7] the two-peaked profile of the
form of the pulse averaged over a long time [4oa] must
obviously reflect the structure of the directional dia-
gram* (in this case the presence of two lobes). More-
over, for models with a rotation Acp is proportional to
AT and the above-mentioned result corresponds to a de-
crease in Acp with increasing frequency. If we use Eq.
(20) and assume that for the frequencies considered the
intensity of the longitudinal waves Ij and the phase ve-
locity Vph are constant (for Cerenkov excitation of plas-
ma waves vph ~ vs where vs is the velocity of the cur-
rent), Acp depends on w as 1/Vw" (see also Eq. (4) for
/3CWL ~ w)- T l l i s result is rather close to the w-depen-
dence of AT found in C4oaa. This does not, of course, as
yet show the validity of the model considered by us but
at any rate indicates its usefulness.

In the foregoing we neglected when discussing the
character and width of the directional diagram the in-
homogeneous character of the magnetic field in the gen-
eration region and we did not consider the regular r e -
fraction of radio waves which must take place in the
non-uniform plasma which forms the atmosphere
(corona) of the pulsars. When refraction is taken into
account the diagram in general narrows and is distorted
(becomes non-planar); the inhomogeneity of the magnetic
field, on the other hand, leads to a widening of the dia-
gram and can appreciably complicate the character of
the directionality of the radiation.t

It is necessary to note also that the narrow directional
diagram was obtained above assuming that the intensity
of the plasma waves Ij was constant. Moreover, when the
intensity of the transverse waves I which occur as a re -
sult of the induced scattering of plasma waves is suffi-
ciently large, when I ~ Ij, we must take into account the
inverse effect of scattering on the plasma wave intensity.
For instance, the relation I = I<,ebL sin20 ceases to be
valid. In fact, we have here a "saturation" effect due to
which the intensity of the scattered electromagnetic waves
cannot exceed the intensity of the excited plasma waves.
If this effect is important the directionality of the scat-
tered electromagnetic radiation can be appreciably less
than given by the estimate (20).

We can thus obtain in the magnetic models of dense
pulsating stars under well-defined conditions a high di-
rectionality of the radio-emission, in particular a
"beavertail" diagram with an opening angle Acp < 10°
and a plane of the diagram oriented along the magnetic
axis. Such a diagram is realized if the radio-emission

*We assume that this is valid also for other rotating pulsars.
t We note in this connection that we obtain in a rotating model a

natural explanation of the "precursor" in the pulsar CP 0950 which
precedes the main pulse by 100 msec.[61] It may be connected with an
additional small lobe of the directional diagram arising due to the com-
plicated character of the magnetic field in the pulsar.
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source in the circumpolar region or the region of the
magnetic equator consists of plasma waves excited due
to a wedge-type instability. The plasma waves occur
then mainly across the magnetic field; the most effective
scattering will then take place in the direction of the
magnetic field and this guarantees the orientation of the
directional diagram of the radio-emission along the mag-
netic axis of the pulsar. Moreover, the estimates given
in Sec. V indicate that pulsating neutron stars with a
magnetic field Hn > 106 Oe on the surface can emit
radiowaves with a power like that observed for pulsars
from regions with a radius r <? 3 x 108 cm.

Let us now discuss still a few problems connected
with the identification of pulsars with pulsating and ro-
tating magnetic neutron stars.

At the present time it is difficult to give any reliable
estimate of the density of pulsars as their distances are
poorly known, which are necessary to consider the pulsar
distribution in the Galaxy and, finally, it is unknown what
part of even the relatively close pulsars has already been
observed. To get some ideas we assume that 10 pulsars
are observed in a disc in the neighborhood of the Sun of
thickness 100 pc and radius 500 pc (volume ~ 108pc3). If
we assume an isotropic or "beavertail" directional dia-
gram for the radio emission of the pulsars their spatial
density is then np ~ 10"7pc~3.* For a "pencil" diagram
np ~ (1 to 3) x 10"6 pc"3.

The densities of all stars and of white dwarf stars near
"3the Sun are, respectively, equal to n s t ~ 0.1 pc"3 and w a

~ 3 x 10"2pc"3 (see [41]). The total number of stars in the
Galaxy is Nst ~ 1011, its effective volume Vst ~ N s t / n s t
~ 1012 pc3. The number of neutron stars is unknown but,
in principle, it might be comparable with the number of
white dwarfs. However, if neutron stars are formed only
as a result of supernova outbursts their number in the
Galaxy may reach 3 x 108 (supernovae flare up in the
Galaxy on the average once every 30 years, while the
age of the Galaxy is of the order of 1O10 yr). This last
value corresponds to a density nn ~ 3 x 10"4 pc"3.

All these numbers, although they are rough, indicate
that the value of the density of pulsars np ~ 10~7 pc"3

(or even np ~ 3 x 10"6 pc"3) at least does not seem to be
in contradiction with present ideas about the structure
of the Galaxy. Using the value np ~ 10"7pc"3 we conclude
that there are Np ~ npV ~ 105 pulsars (a value Np ~ 106

is also still completely acceptable) in the whole of the
Galaxy.

Forgetting for the moment the "pencil" diagrams, the
average power in the radio emission (radio brightness) of
pulsars for the case of a "beavertail" diagram for the
emission does not exceed the value 1032 erg/sec (see the
estimate in Sec. II for the pulsar_CP 0328). Most prob-
ably for most pulsars the power P is appreciably less

and does not exceed 1030 erg/sec. The contribution of the
pulsars to the radio brightness of the Galaxy can then be
estimated by the value PNp < 1036 erg/sec which does not
contradict the radio-astronomical data about the radio
emission of the Galaxy (its total radio brightness is of
the order of 3 x 1038 erg/sec; see, for instance C3i:i). We
note also for comParison that the radio-emission power
of supernova shells reaches 1035 erg/sec while the power
of the synchrotron radiation from the Crab nebula in all
parts of the spectrum is of the order of 1038 erg/sec.

A neutron star with a main period of pulsations T2
~ 10"2 sec and a rotational period T1 ~ 1 sec has the
following parameters:1173

mass: M ~ (0.1 to O.2)M0 (Mf0 = 1.99 x 1033g is
the Solar mass),

central density: p c ~ 3 x 1013 to 1014 g/cm3,
radius: r n ~ (5 to 20) 107 cm,
rotational energy: Wr ~ 1048 erg,
energy of the pulsations: Wp ~ (1047 to 1048)(6r/r)2

erg, where 6r/r is the relative change in the radius (at
the stellar surface) during its pulsations.*

The mass of such a neutron star is concentrated in its
central (mainly neutron) part which is surrounded by a
relatively large shell of strongly compressed plasma; we
speak no longer about a plasma atmosphere or magneto-
sphere the dimensions of which turn out to be very large
(in the foregoing we assumed that the radio-emission
arises at distances r ^ 3 x 108 cm from the center of
the star).

The damping of the pulsations due to the emission of
gravitational waves caused by a coupling between the
main radial oscillation and the oscillations with a quad-
rupole moment is given by [173a time scale of from 105

to 108 years.
For an average radio-emission power P ~ 1030 erg/sec

the star loses ~1041 erg in 3 x 103 yr. Such an amount of
energy corresponds to the energy of free pulsations with
a comparatively small amplitude 6r/r ~ 10"3. Hence it is
clear that if the energy dissipated in the free oscillations
would mainly go into the radio-emission, these oscilla-
tions could suPPort the observed level of the radio emis-
sion of a pulsar during a relatively long time. However,
the low stability of the pulsation period T2) of the order of
10"4; see [7] and Sec. II) indicates that this is not the case:
this stability corresponds (for free oscillations) to Q
~ 104, and free oscillations are damped in a time QT2
~ 102 sec. The situation is thus not reduced to the free
oscillations of a neutron star: the presence of the period
x2 indicates a self-oscillations regime of the pulsar. In
contrast to free oscillations the stability of the self-os-
cillations period is not only dependent on the Q-factor:
it is determined also by the so-called "stiffness" of the
limit cycle of the self-oscillations, which contains many
other parameters besides Q. As an example of another

*The solid angle corresponding to a "beavertail" diagram, Aft ~
2nAip < 1 compared to an angle ~ 4v for a quasi-isotropic diagram. If
the star does not rotate the probability for an observer to hit the direc-
tional diagram is thus by a factor 4ir/AS2 smaller than for a rotating star:
for a rotating star with a magnetic axis at right angles to the axis of ro-
tation, a "beavertail" diagram coinciding with the plane of the magnetic
equator describes the whole sphere. If the angle between the axes is of
the order of unity the diagram describes an appreciable part of the
sphere. This leads to the same spatial density of pulsars for an isotropi-
cally radiating model as for a rotating model with a "beavertail" dia-
gram.

*Cameron and Cohen [44a] have expressed doubt about the possible
existence of such not-very-dense stable neutron stars. In that connec-
tion we wish, first of all, to emphasize the necessity to refrain from
final conclusions with regard to the kind of neutron stars (or any other
dense stars) to be identified with pulsars. Secondly, one sees easily that
the main contents of the present paper (a consideration of the radio-
emission mechanism and even the models of pulsating and rotating
dense magnetic stars) are practically independent of the use of any par-
ticular parameters to characterize the dense parts of these stars.
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example of self-oscillations in astrophysics we can quote
the Cepheids; the stability of the period of change in their
brightness is also small. We must in this connection em-
phasize that the high stability of the repetition period of
the pulsar pulses T1 (up to 108 and higher) can be used as
an argument against the idea that this is a period of self-
oscillations: even under laboratory conditions without
special precautions it is impossible to obtain such a high
constancy of the self-oscillator frequency. The stability
of the period r1 indicates that one should use its connec-
tion with the rotation of the star.

Above we were talking about relatively not-very-dense
neutron stars only in connection with the observed period
of the pulsations T2 ~ 10-2 s e c . m At the same time it is
completely possible and even probable from a priori con-
siderations that there are pulsars with periods T2 <C 10~2

sec, corresponding to denser neutron stars with a mass
M ~ M,-.i. For such stars T2 ~ 10-3 to 2 X 10'4 sec and the
radius of the neutron core is r n ~ 106 cm (see [17]). Per-
haps the radio emission of such stars is less powerful
than for less dense neutron stars because of the smaller
dimensions of the plasma corona.

This is, however, only a suggestion and the question
remains on the whole completely open. The same can
also be said of a number of other problems, in particular
those connected with the evolution and the nature of the
stellar magnetic field. Already from the example of the
Sun and "normal" (not dense) magnetic stars it is known
[42] how complicated and incomplete is the theory of the
origin, configuration, and variations of the stellar mag-
netic field. For dense stars (white dwarfs, neutron stars)
the theory of their magnetic properties has so far hardly
been developed at all, let alone when their pulsations and
rotation are taken into account (there are only a few notes
in the literature on this score; see, for instance/6 '18 '28 '29 '
37)43]). As far as the general theory of dense stars (in par-
ticular, of neutron stars) is concerned many papers and a
number of reviews [17>41'44"46] have been devoted to it but
the number of unsolved problems in this area is still
large. As an example we mention the fact that neutron
stars are probably superfluid and possibly also super-
conducting11473. Sufficiently cold white dwarfs (the very
dense ones have time to cool off lil>ia:) may turn out to
be superconducting in some surface layer and this leads
to a change in the magnetic field of the star. [49] More-
over, nobody has taken into account in any detail such
possibilities when studying the cooling-off and pulsations
of dense stars.

In the framework of the present paper there is no pos-
sibility for a detailed discussion of the general problems
connected with the theory and observation of dense stars.
We can only ascertain on the basis of what we have said
that the identification of pulsars with rotating magnetic
neutron stars does not contradict any data or estimates.

It is well possible that the presence of stellar pulsa-
tions is not a characteristic property of all pulsars. In
the literature pulsar models have also been discussed in
which pulsations are not considered at all. The only such
model known to us,[18>43] which considers an energy source
for the radiation, is a rotating magnetic neutron star.
Near the star its magnetosphere is dragged along by the
star, but at some distance r0 ~ CT/27T ~ 1O1C cm (in prac-
tice this distance may also be equal to 109 cm) where the

velocity of the shell v = 2TITO/T is equal to the velocity of
light, a further dragging-along becomes impossible. At
r ~ r0 we may expect the formation of a magneto-turbu-
lent layer and an acceleration of particles. The presence
of fast particles in turn may lead to the occurrence of
radio emission, in particular, in one of the ways discussed
above. As far as we know the radio-emission mechanism
for such rotating models has not been considered in more
detail.

vra . CONCLUSION

The hypothesis of the existence of neutron stars was
already made in the thirties soon after the discovery of
the neutron. The observation of these stars in the optical
spectrum is practically impossible, if we are considering
the thermal emission of the photosphere of the star. In
this connection particularly great attention was paid to a
discussion of the possibility to observe x-ray or neutrino
emission from neutron stars. The x-ray techniques open
up at the present time many perspectives and possibly
some of the observed "x-ray s ta r s" are neutron stars.
The appearance of a relatively powerful radio emission
from pulsating neutron stars was also proposed.1-44'501

Nonetheless, both the discovery of the pulsars [1 ] and the
appearance of a real basis to identify them with neutron
stars [ 7 ] were unexpected.

So far it is not known whether all pulsars have two
periods and it is not at all excluded that there exist dif-
ferent types of pulsars (in particular, not only neutron
stars, but also white dwarfs). However, even if we forget
about such hypothetical possibilities and consider only
pulsars such as CP 1919 and AP 2015+28, studied in [7]

(of course, it is not excluded that all pulsars observed
belong to this type), it is probable, but certainly not yet
proven, that they can be identified with neutron stars.
To be precise, we mention as an alternative possibility
the quasi-stationary collapsing magnetic star.[28'51~53]

These reservations are felt, on the one hand, due to
caution. On the other hand, they are connected with the
situation in the Crab nebula. If the pulsar NP 0532 lies
indeed within the confines of the Crab nebula it is rather
plausible to connect it with the activity of this object.
The power of the synchrotron radiation of the Crab neb-
ula ~ 1038 erg/sec and probably the power of some kind
of energy source situated in the nebula is of the same
order. In 103 years this corresponds to an energy output
W ~ 3 x 1048 erg. Such an energy might, in principle, turn
out to be the kinetic energy of a rotating star but may
also have been derived through the diminution of its grav-
itational or nuclear energy. Moreover, this energy of the
order of 3 x 1048 erg is too large when we are consider-
ing the energy of free pulsations of a neutron star (see
Sec. VII and C17»54]) or the magnetic energy W^ contained
in the magnetosphere of a neutron star.[28>52'53] For in-
stance, for a field H ~ 3 x 109 Oe and a characteristic
dimension r ~ 107 cm, the energy is WM ~ (H2/8T7)
x 47rr3/3 ~ 1039 erg. A magnetic neutron star may also
have a larger field. However, such neutron stars with
a strong field differ already, generally speaking, appre-
ciably from the neutron stars usually considered. It is
possible that such a class of neutron stars (field energy
comparable with the gravitational energy or, at any rate,
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substantial when one analyzes the collapse and the whole
dynamics of the star) somehow is linked to the above-
mentioned quasi-stationary magnetic stars/2 8 '5 2 '5 3 3

There are therefore on various grounds not yet suffi-
cient reasons to assume that pulsars are more or less
"normal" neutron stars although such a hypothesis is
consistent and rather probable (the pulsar in the Crab
nebula is possibly an exception but also that pulsar may
well turn out to be a neutron star, though rotating faster
than the others).

The discovery of pulsars may also be of interest in
connection with the problem of the origin of cosmic rays.
Pulsating magnetic stars might accelerate particles to
very high energies and their possible role has been
noted1553 already in that sense before the discovery of
the pulsars. It is, however, yet too early to reach any
conclusions about an appreciable role of the pulsars as
cosmic ray sources. Indeed, to retain a balance in the
framework of galactic models of the origin of cosmic
rays there must be formed in the Galaxy on the average
cosmic rays with a power of the order of 1040 to 1041

erg/sec (see [313). Therefore, if the number of pulsars
in the Galaxy Np ~ 108, their contribution as sources of
cosmic ray would be important if the power for the gen-
eration of cosmic rays were of the order of 1034 to 1035

erg/sec per pulsar. Such a power is several orders of
magnitude higher than the radio-brightness of the pulsars:
P < 10s0 to 1032 erg/sec. The assumption of the effective-
ness of pulsars as cosmic ray sources is thus to a large
extent a new hypothesis. It is true that the observation
of pulsars in supernova shells indicates its usefulness.
On the whole this problem remains open and certainly
will again be discussed.

In the near future we must clearly expect a fast de-
velopment of the theory of dense pulsating and rotating
stars. The pulsar data enable us to compare to a greater
or lesser extent such a theory with observations and this
is the main value of the discovery of pulsars for astron-
omy.

We know, on the other hand, also other problems for
the solution of which the use of pulsars is important. We
are having in mind here the determination of the number
of electrons / Ne dl along the path from the pulsars to
the solar system, already discussed in Sec. II, the study
of the interstellar magnetic field"-583 and of the inhomo-
geneities which have been observed in the interstellar
plasma if one is able to observe the corresponding scin-
tillations. [57"5B] We shall here not discuss the use of
pulsars, together with other sources such as quasars,
for a study of the interplanetary medium (see, for in-
stance, :3>803) or their observations for several other
purposes where one needs point sources or periodically
emitting cosmic radio sources.

At present it is already difficult to question that the
discovery of the pulsars belongs in significance to a num-
ber of outstanding events and does not take second place
to any other astronomical achievement in recent years.
The study of pulsars and their use will have a large in-
fluence on the development of a whole number of trends
in contemporary astronomy.

Note added in proof. At the beginning of April 1969 already 31
pulsars were known. Among the pulsars absent from the table we must
mention specially the source NP 0527. This pulsar, first of all, has the

longest of the known periods, equal to 3.7455 sec, and secondly lies on
the celestial sphere near the Crab nebula. This enables us to assume
that the pulsar NP 0527 is somehow connected with the nebula (for in-
stance, was formed in the supernova outburst of 1054 and, having a high
velocity, is found at the limits of the nebula).

A second (short) period, equal to T2 = 0.05364 ± 0.00001 sec has
been observed [62] for the pulsar CP 0808. This confirms the conclusion
in [7] about the existence of a second period for a number of pulsars.
On the other hand, a neutron star can, apparently, not have a period of
the main radial oscillation equal to 5 X 10"2 sec (even periods T2 ~ 10'2
are to be doubted I44"] in this connection). If this is the case, one must
rather consider for an explanation of the period r2 oscillations of the
atmosphere or of the magnetosphere of the neutron star.

We note that the presence of a second period which could be con-
nected with pulsations has not been shown to exist for the pulsars with
the shortest periods NP 0532 and PSR 0835-45. Hence, such oscilla-
tions either are absent or their period is so short (T2 < 10"3 sec) that
they could so far not have been registered.

The synthetic model discussed in Sec. VII of this paper is the most
probable one when a second (short) period exists. However, if the pul-
sations are not present, we may be dealing with a model of a magnetic
neutron star which rotates without pulsations. When there are no pul-
sations the problem of the acceleration of the particles in the radiation
belts is very probably much more complicated. The acceleration can
then be caused by motions such as magnetohydrodynamie or shock
waves propagating in the magnetosphere of the star. Another possibility
is the acceleration in a layer close to the outer boundary of a rotating
magnetosphere.[18'66]

As before, the radiation belts may serve as the source for the radio
emission, and for the pulsar NP 0532 also of the optical emission, in
rotating models. In the radio band we are dealing here with coherent
synchrotron radiation and in the optical part of the spectrum with in-
coherent synchrotron radiation. In such a model the high directionality
of the optical radiation of a system of relativistic particles is realized if
these electrons are concentrated in the plane of the magnetic equator.
Such a model is at the moment analyzed in detail by the authors. For a
check of this model the polarization measurements both in the radio and in
the optical band are very important (see in this connection the measure-
ments of the polarization of the radio-emission of the pulsar CP
0328 [67]).

The coherent synchrotron mechanism was also discussed in [68] as
applied to pulsars. However, in that paper the formula used for the
calculation of the power of the coherent radiation of a pulsar is valid
only for sources with dimensions L •< X. One source of such size is
clearly unable to guarantee the powerful emission from a pulsar. On the
other hand, if the magnetosphere of a pulsar contains many sources
with dimensions L < X where each individual source consists of coher-
ently emitting particles, two cases may occur. In the first all sources are
mutually coherent. The formulae in [68] are then inapplicable and the
correct procedure to study the coherent synchrotron mechanism must
be based on the introduction of the amplification coefficient /u which is
connected with the synchrotron instability (see in this connection [20'
23] and the present paper). In the second case the sources are incoherent
one with another, i.e., there is an incoherent emission mechanism in
the system, in which particle aggregates concentrated in a volume L3

play the role of separate radiating sources. The emission power from
such a system is limited by reabsorption and, not less importantly, the
existence of such a system seems to us to be improbable under astro-
physical conditions.
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