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INTRODUCTION

THEORETICIANS, both physicists and astronomers,
are usually well satisfied with their choice, for engag-
ing in theoretical questions is in some respects easier
and more effective than observations and measure-
ments. Experimenters and observers, to the contrary,
frequently grumble at their fate—their work is very la-
borious, and its success depends in many respects on
problems that are entirely nonscientific, such as obtain-
ing money, equipment, etc. I mention this because the
investigation of pulsars can serve as an example (and
by no means the only one) wherein the theoreticians
have every reason to envy the observers. In any case,

I can say this fully concerning myself. The paper by
A.Hewisht reports all the facts, and we have all rea-
sons for congratulating observers on their success—
they have done a tremendous amount of work within less
than three years. At the same time, not so much has

*Paper prepared for the 14th general assembly of the International
Astronomical Union (Brighton, Great Britain, 18—27 August 1970).
Published also in “Highlights of Astronomy.”

t A. Hewish’s paper, which preceded the present paper, will be pub-
lished in “Highlig’.ts of Astronomy.” For experimental material on pul-
sars, see Usp. Fiz. Nauk 99, 514 (1969) [Sov. Phys. Usp. 12, 800 (1970)]
and A. Hewish, Annual Review of Astronomy and Astrophysics 8, 265
(1970).
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been established in the theory of pulsars, and I must
present to your attention for the most part mere gen-
eral considerations and working hypotheses. Fortunate-
ly for the theoreticians, the situation is not always like
this. There are many cases when theory ranges much
farther ahead and anticipates the observations.

In the case of pulsars, the known lag of theory is due
to two circumstances. First, we are dealing with ex-
tremely complicated problems, for example the equa-
tion of state of matter with density exceeding 10“g/cm3
and the electrodynamics of the magnetosphere of a rap-
idly rotating star whose axis of rotation does not coin-
cide with the magnetic -symmetry axis (say with the di-
rection of the magnetic dipole). Second, the observation
data, for all their variety, give only indirect information
on pulsars —their structure is not seen directly in the
sense that can be used, for example, for the surface of
the sun or for a number of nebulae.

The foregoing explains the character of the present
paper: we shall discuss the existing theoretical con-
cepts regarding pulsars, although no complete and
clear picture can be outlined as yet.

1. THE NATURE OF PULSARS

What are pulsars as astronomical bodies? The main
criterion that must be satisfied by a body that can be
classified as a pulsar is the possibility of obtaining a
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highly stable period, and this period P is quite small
(P ~ 3x1072 —4 sec). It is quite obvious that such a
requirement can be satisfied only by some massive ob-
ject (say a star) or a system (say a binary star), and
not a nebula or a plasmoid. Concretely, it is proposed
to associate pulsars with the following objects:

neutron stars,

white dwarfs,

binary systems (binary stars)

objects of a ‘‘new type:.”’

It was proposed from the very outset that oscilla-
tions (pulsations)f ! and revolution!?? be considered

mechanisms ensuring periodicity of the radiation pulses.

During the first stage, the choice between the two pos-
sibilities was difficult because only pulsars with periods
P = 0.25 sec were known. However, after the discovery
of the short-period pulsars PSR0833-45 and NP0532,
with periods 0.089 and 0.33 sec, respectively, the situ-
ation became much more definite.* The point is that the
period of the fundamental tone (the radial oscillation) of
nonrotating white dwarfs, when account is taken of the
effects of general relativity theory, cannot be smaller
than approximately 2 sec. In the case of rotating white
dwarfs, the period of the quasiradial oscillation can
reach 0.6 sec, and the main nonradial oscillations have
a period that reaches 0.2 sec. Even if we disregard the
difficulties of making use of nonradial oscillations, in
view of their damping by the gravitational radiation,
periods«of oscillation P ~ 0.2 sec can be obtained for
white dwarfs only for the overtones. But how is one to
explain, in accordance with the data nn pulsars, the
presence cf oscillations at some overtone when there
are no oscillations at the fundamental or at other over-
tones? In addition, this raises the question of the
causes of the high stability of the oscillations.

Periods of revolution of white dwarfs are limited by
the requirement that there be no collapse and that there
be no strong escape of matter from the star. The latter
condition is satisfied, roughly speaking, if the accelera-
tion due to gravity exceeds the centrifugal acceleration.
We therefore arrive at the inequality

o< (%) =)
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where M is the mass, r, the radius, v, =Qr, the ve-
locity on the surface, and p the average density of the
star. Thus, the period of rotation should satisfy the
condition

P> ()" (1)

This period is P > 1sec at 5 < 10° g/cm’. In the case
of nonrigid-body rotation, the angular velocity, especi-
ally near the poles, can in principle be higher than that
given by the estimate (1). However, there are no indi-
cations that it is possible toobtain values P < 0.1sec; in
practice, even periods of rotation P < 1sec are not very
probable for white dwarfs. Thus, it is almost certain
that short-period pulsars cannot be white dwarfs. Such

*The data presented below on the periods of oscillations and the
rotation periods of white dwarfs and neutron stars are discussed in
greater detail in [*~9] and in the literature cited therein.

a conclusion is also confirmed by the fact that not one
pulsar has been identified optically with a white dwarf*

The parameters of neutron stars (the density at their
center pg, the radius rg, and, for example, the period
of the fundamental tone of the radial oscillations P,) de-
pend on the equation of state of the nuclear matter. The
calculations whose results were used until recently led
to a maximum mass My ~ (1-2.5)M g for the neu-
tron stars; for a mass M ~ M the radius is r,~10km
and the pulsation period is P,~107°~10"* sec. For light
neutron stars, according to these calculations’®? at ob-
M ~ (0.1-0.2)M ; we obtain a value r, ~ 50-200 km,
pe ™~ (3-10) x10% g/cm® and P, ~ 1072 sec. On the other
hand, according to calculations[%?} using an apparently
more exact equation of state, we have Myax ~0.26M
at pc =10* g/cm?, and at pc < 3x 10 g/em® (M 0.13Mg)
there are no stable configurations (a similar statement is
made in °1 with respect to models with p~10'*g/cm?). It
follows therefore apparently that P < 10"%sec for neu-
tron stars. Independently of the results of the refinement
of the period of the pulsations for neutron stars, there is
practically no doubt that these periods are smaller than
the periods of the observed pulsars. To the contrary,
even the shortest known period P = 0.033 sec is ac-
ceptable as a period of revolution of a neutron star.t”]
Indeed, for M~ Mg and r, ~ 10° cm, the average den-
sity is 5 ~ 5 x 10 g/cm® and, in accordance with (1),
the period of revolution is P > 107° sec. If we follow
the calculations of '°3, then for M ~0.2 Mg the radius
of the star is r, ~ 30 km, i.e., 5~ 4 % 1022 g/cm® and
P >107%sec.

Thus, from the point of view of the possibility of ob-
taining the required value of the period, all the known
pulsars can be rotating neutron stars. Long-period pul-
sars (P 2 1 sec) may turn out to be rotating or oscil-
lating white dwarfs. But the latter assumption is very
unlikely, in view of the following: the absence of optical
identification of pulsars with white dwarfs, evolutionary
considerations (we have in mind the increase of the pe-
riod of pulsars with time, by virtue of which even short-
period pulsars should eventually become long-period
ones), and finally, the absence of indications that there
exist pulsars of entirely different types.

The assumption that pulsars are binary systems
(stars) is almost entirely excluded if gravitational radi-
ation is taken into account. By virtue of such radiation,
a binary-star period P £ 1 sec should change much
more rapidly and in a direction opposite to that observed
for pulsars (a formula for dP/dt can be found, for ex-
ample, in [31), To be sure, doubts were expressed in
the literature concerning the validity of the statement
that gravitational radiation of binary stars exists. If
one speaks of the theoretical aspect of the question,
these doubts, which I (and many others) always regarded
as unfounded, have by now been rigorously refuted. We
note that gravitational radiation with a power of the

*The pulsar NP0532 in the Crab nebula can likewise not be regarded
as a white dwarf, since it produces practically no optical radiation in the
intervals between pulses. On the other hand, white dwarfs, in principle,
can be invisible (white dwarfs with mass close to critical cool rapidly);
for this reason alone, the failure to identify pulsars with observed white
dwarfs cannot serve as rigorous proof that pulsars are not stars of the
white-dwarf type.
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same order as in general relativity theory should also
follow from any other gravitational-field theory that
agrees with the known experimental data.

It remains for us to discuss the assumption that pul-
sars are objects of a ‘‘new type,’’ something in the way
of miniature quasars (they could be called ‘‘quasari-
nos’’).* The question is, more concretely, whether evo-
lution or collapse of stars can lead to configurations
different from white dwarfs, neutron stars, and
‘cooled” collapsed stars (in the latter case, in the co-
moving reference frame, the star ‘‘goes under’’ the
Schwarzschild radius rg = 2GM/c®~ 3 x10° M/Mg cm).
Without going beyond the framework of general relativ-
ity theory, the only known possibility of seeking new
dense quasistellar configurations lies in taking into ac-
count the influence of the magnetic (or electromagnetic)
field,[®®) It can be assumed, however, that the influ-
ence of the magnetic field may turn out to be radical
only under conditions when the magnetic energy of the
star is comparable with its gravitational energy, i.e.,
W ~ (H/8%°rs ~ GM?/r,. Hence for M~ Mg, the field
is H~ 10°r;%, i.e., H >10" Oe at r, < 10" cm. The ap-
pearance of such strong fields is quite improbable.
Even less probable is the possibility of relating pulsars
with dense pulsating configurations, which are perhaps
acceptable! ™’ *1 if one foregoes the equations of gen-
eral relativity theory or if, by your leave, these equa-
tions are somehow modified. Modifications of the equa-
tions of general relativity can be expected, in principle,
when account is taken of quantum fluctuations of the
metric, which are probably already significant at char-
acteristic dimensions Ig ~VGh/c? ~ 107 cm, times
tg~ lg/c ~ 10™* sec, and densities pg~ ¢/ G
~5 x10*® g/cm®.

But the average density of a star with mass M and
radius r ~ rg = 2GM/c? is of the order of ﬁ(rg)
= 3¢?/87Gr5. Obviously, when M~ Mg, the density is
plrg)~ 10*g/em’® << pg and j ~ pg only for a ‘‘star”
with mass M~ Mg~ Yci/G ~ 107 g, for which the
gravitational radius is rg ~ Ig ~ 10733 ¢m. This has no
no bearing whatever on pulsars.

Thus, to produce models of pulsars by modifying
general relativity theory, these modifications must be
introduced in some considerably ‘‘earlier’’ phase—
even for relatively weak gravitational fields. There are
no grounds for this whatever, but nevertheless, for
those who wish to carry astronomy beyond the frame-
work of the presently known physical laws and theories,
pulsars are among the most interesting objects. This
will be discussed also at the end of the article. At the
present may I note that I can attribute only to an acci-
dent the fact that the identification of pulsars with neu-
tron stars has in general not caused a storm of doubt,t

*1t is most probable that the nucleus of a quasar (a compact source
of powerful radiation) is a supermassive plasma body (M ~ 10° Mo, r ~
107 cm) with large internal motions of rotational type and with mag-
netic fields [®2]. Therefore a certain analogy between quasars and pul-
sars is obvious (see also [2°]).

1 The already noted uncertainty concerning the parameters of neu-
tron stars [3%9] does not stir any misgivings of fundamental character
at present. The situation is worse with our understanding of the forma-
tion of neutron stars, but this process is so complicated that the existing
difficulties [ '2] may not yet call for serious caution.

whereas the use of cosmological distances for quasars
was many times disputed and is being disputed to this
day. At any rate, we shall make use of this fortunate
circumstance and henceforth regard pulsars as rotating
neutron stars.

2, ROTATING MAGNETIZED NEUTRON STARS

When a star is transformed into a neutron star, the
moment of inertia I decreases strongly (for example,
when the mass remains the same and the radius de-
creases from 3 x10" to 3 x 10° cm, the moment I de-
creases by eight orders of magnitude). It is therefore
natural to expect neutron stars to rotate quite rapidly
(the angular velocity of NP0532 is © ~ 200 sec™, as
compared with the angular velocity of the solar surface
s~ 2x107° sec™’). An analogous situation arises
also with respect to the magnetic field—under conditions
of ‘‘frozen-in’’ force lines, magnetic flux is conserved,
i.e., the field H increases in proportion to r 2 or in
proportion to p2/ ® (r is a certain radius of the star and
p is its density). Hence, for fields H~ 10e at r
~3x10”° cm or p~ 1 g/cm® we obtain fields H,
~10% Oe at r, ~ 3 x 10° cm and p, ~ 10 g/cm®. The
initial field in the star can, however, reach 10°-10* Qe,
and the density of neutron stars in the central part is
pe 2 10*-10" g/cm®, Therefore in neutron stars the
fields can (although they do not necessarily!) reach val-
ues 10 -10" Oe, or more realistically, values H
~ 10" Oe. On the other hand, by virtue of the discarding
of the envelope and for other reasons, the initial radius
r is possibly of the order of only 10® cm. Then, even at
r, ~ 10° cm and H ~ 10 Qe, the field is H, ~ 10° Oe.
(The possibility that the fields are so large in neutron
stars was noted even prior to the discovery of pulsars;
see, for example, [%131,)

It can thus be stated that neutron stars should, as a
rule, rotate quite rapidly (angular velocity  <10°sec™)
and should be strongly magnetized (fields 10° Oe S H
< 10%~10™ Qe). In addition, there are no known reasons
why the dipole magnetic moment m associated with the
star (or some other magnetic symmetry axis) must co-
incide with the revolution axis §2. By the same token we
arrive at a nonsymmetrical and nonstationary system--
the model of the so-called inclined rotator (Fig. 1),
which came under discussion as applied to neutron
stars'*1 shortly before the discovery of pulsars.

Favoring the identification of pulsars with rotating
neutron stars are also two other circumstances. First,
owing to the radiation of electromagnetic and gravita-
tional waves, and also as a result of escape of gas (stel-
lar wind), the rotation of the stars should slow down.

/

// Magnetic axis

FIG. 1. Inclined rotator.

Axis of rotation
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Accordingly, the period P of the pulsars should, as a
rule, increase, as is indeed observed. Second, at least
for the pulsar NP0532 in the Crab, the period of which
doubles within T ~ 2400 years, it is natural to assume
that the decrease of the kinetic energy of rotation of the
star |dK/dt| ~K/T ~ 107" K erg/sec is equal to the
total luminosity of the Crab nebula in all the bands,

L ~ 10°® erg/sec. Such an assumption agrees with the
rough estimate of the kinetic energy of rotation of a
neutron star K =IQ%/2 ~ 10* erg obtained for ©

=200 sec”* and a moment of inertia I ~MrZ ~ 10 g-
em® (M ~ Mg =2 x10% g, r, ~ 10° cm).

Theoretical problems connected with investigations
of pulsars—rotating magnetized neutron stars—are quite
numerous, but it is possible here, albeit arbitrarily, to
separate three groups of problems:

1. Structure and processes in the neutron stars
themselves.

2, Structure and dynamics of the atmosphere and
magnetosphere of rotating neutron stars. The transfor-
mation of the magnetosphere of the star into the enve-
lope of a supernova or into interstellar medium.

3. Mechanisms of pulsar radiation and correspond-
ing models of pulsars--sources of observable electro-
magnetic radiation,

In addition, naturally, a large number of problems
arise in connection with the role of pulsars in enve-
lopes of supernovas, their role as sources of cosmic
rays, the use of pulsars for different astronomical and
physical purposes, etc. We shall dwell briefly on all
these aspects of the pulsar problem.

3. STRUCTURE OF NEUTRON STARS AND PULSARS

In view of our insufficiently exact knowledge of the
equation of state of matter at ultrahigh densities, quan-
titative calculations of the structure of neutron stars
are still unreliable (see above and %% 1), We, how-
ever, will be interested henceforth only in the qualita
tive picture and in order-of-magnitude estimates. We
can then apparently choose the following parameters of
a ‘““typical’’ neutron star:

M ~0.5Mg, ro~(1—3)-105cm, p, > 10% g/em’®

Further, the density of the neutron liquid p, is close to
the total density of matter in the star only if pp 25

x 10" g/cm®. On the other hand, if p S 3 x 101! g/cm?,
then the role of the neutrons is negligibly small and the
matter consists of nuclei and electrons. Thus, it is per-
fectly clear that the external layer of the star (say at

p 5 10" g/cm®) has a plasma nature and is similar to
the matter in white dwarfs. But from this follows al-
ready the less obvious statement that the plasma enve-
lope of the neutron star is solid in its main part, i.e.,
it forms a crust.!®? The point is that as a result of
neutrino and electromagnetic radiation, the neutron
star cools rapidly and by virtue of its high thermal con-
ductivity the entire star has, soon after its formation,
a temperature lower than (1-5) x 10°°K. At the same
time, the melting temperature T, of the electron-
nuclear plasma is determined from the condition T'kTy,
= e°Z%/rj, where rj =n;'/® is the average distance be-
tween nuclei with charge eZ. The numerical factor is
T ~ 100-200, i.e., melting sets in when the kinetic en-
ergy of the nuclei is smaller by two orders of magni-

tude than the energy of their Coulomb interaction.
Hence

5/3 0
T~ 103p1/3Z°/° °K., (2)

Here the density is g~ 2Zmypnj, since we put A/Z
=2(myp = 1.67 x 10™** g is the proton mass). It is clear
from (2) that for Z 2 10 and p 2 10* g/cm® the temper-
ature is Ty, 2 10°°K. Thus, besides a thin plasma
(¢‘liquid” or gas) outer layer, a quite appreciable plas-
ma layer of the star should be solid. The thickness of
this layer for a ‘‘typical’’ neutron star is of the order
of 10*~10° cm. Under the crust there is the neutron
liquid (p > 5 x 10" g/em®), in which protons and elec-
trons are contained with a concentration on the order of
one or several percent.[1* Al] these particles (neu-
trons, protons, electrons) form a degenerate Fermi
system, and under such conditions one can assume, with
a certain degree of approximation, that the system con-
sists, as it were, of a mixture of independent neutron,
proton, and electron Fermi liquids. The electron liquid
of high density always remains a normal Fermi liquid,
i.e.; it is close to a degenerate Fermi gas. But the neu-
tron and proton liquids can go over respectively into
superfluid and superconducting states (see [77%21),

The nature of superfluidity and superconductivity in
Fermi liquids became clear only in 1957 (the theory of
Bardeen, Cooper, and Schrieffer), although supercon-
ductivity of metals was discovered almost half a cen-
tury earlier (in 1911). It turned out that if particles with
energies close to the Fermi energy are attracted to one
another in a degenerate Fermi gas (liquid), then they
coalesce into pairs even under the weakest attraction,
and these pairs, being bosons, experience something
akin to Bose-Einstein condensation. In other words, the
usual Fermi distribution turns out to be unstable and a
gap appears in the energy spectrum of the system, The
width A(T) of this gap depends on the temperature T.
The gap is maximal and equal to A(0) at T =0, Ata
certain temperature, called the critical temperature
T, the gap closes (thus A(T¢) =0). Te~A(0)/k or, if
A(0) is measured in MeV, then

Te ~ 10" Aqyew(0) °K.

The presence of an energy gap makes it possible for
the particles to be scattered in the collisions, and con-
sequently their flow, once initiated by some cause, does
not slow down. The system turns out to be superfluid or,
in the case of charged particles, superconducting.

Neutrons with opposite spins (in the S state), if lo-
cated at not too large distances, attract one another.
This attraction is insufficient for the production of the
bineutron, but in the presence of degeneracy (i.e., for
a sufficiently dense neutron gas) it should lead to the
formation of the aforementioned pairs and to the transi-
tion to the superfluid state. The minimum gap width
A(0) is of the order of or somewhat smaller than the
energy of the nuclear interaction, i.e., of the order of
1 MeV, and consequently the critical temperature is

T ~ 10" pev(0) ~ 101 °K. (3)

This estimate pertains to a neutron-liquid density pp
~10%-10" g/cm® and consequently is suitable for a

*See also the note added in proof, [tem 3, at the end of the article.
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neutron liquid situated immediately under the crust (we
recall that the total density of matter is p~ pp at

p 2 5 x10"% g/cm®, i.e., precisely on the inner boundary
of the crust). With increasing density, however, the gap
Ag(0) decreases for pairs in the S state, owing to the
increased role of repulsion, and according to the esti-
mates of [2b 221 The gap ‘““collapses,”’ i.e., Ag(0) =0
at p ~ pp ~(1.5-2) x 10* g/cm® (the density pp = 1.5

x 10 g/cm’ corresponds to the neutron density in
atomic nuclei; the total density in the nuclei is approx-
imately twice as large, i.e., ppuclei = 3 X 10™ g/ecm®).
Nonetheless, the superfluidity need not vanish at Ag(0)
=0, for when p ~ pp > 1.5 x10™ g/cm® the attraction
between the neutrons in the P state (in the triplet state
with spin 1) comes into play. The corresponding gap
Ap(0) is apparently somewhat smaller than the gap.
Ag(0), but the rough estimate (3) remains in force.t??!

The proton liquid behaves approximately like the
neutron liquid, but its density is smaller by one or two
orders of magnitude. As a result of the Coulomb repul-
sion between the protons, the corresponding gap is prob-
ably smaller by one order of magnitude than for the neu-
tron liquid, i.e., the critical temperature for the proton
superconductivity is T ~ 10°°K.,

Since in most cases the temperature of the star is
T = T, we reach the conclusion that under the crust
that (at p > (3-5) x 10® g/cm®) the neutron stars are
superfluid (neutron liquid) and superconducting (proton
liquid). This conclusion is quite probable for densities
p S (5-10) x 10" g/cm®, although it is still impossible
to calculate reliably or even estimate the gap Ag(0),
and particularly the gap Ap(O) in this region. As to the
densest regions with p $ 10%° g/cm®, at the present
status of the problem it is difficult to make even rough
estimates of the gap A(0). It is therefore perfectly pos-
sible that in the central parts of sufficiently massive
(“‘typical’’) neutron stars there is a nonsuperfluid and
nonsuperconducting nucleus. For concreteness we shall
assume so henceforth, although this assumption is of no
importance in what follows.

Thus, a typical neutron star consists of a thin dense
gaseous plasma envelope, a solid plasma crust, a super-
conducting and superfluid layer * and a dense nucleus
(Fig. 2).

The hypothesis was advanced that the matter of a neu-
tron star can be ferromagnetic (we have in mind here
nuclear ferromagnetism, under which the magnetic mo-
ments of the neutrons turn out to be parallel). According
to calculations,!#? no nuclear ferromagnetism arises,
at least at p <5 x 10™ g/em®. As to the region of densi-
ties p 2 10 ° g/cm3 lying within the limits of the nu-
Dense

- plasma
envelope

FIG. 2. Neutron star (schematic cross
section).

*The thickness of the superconducting layer can differ somewhat
from the thickness of the superfluid layer, but this difference is neglected
for simplicity.

cleus of the star, the matter here should contain, be-
sides nucleons and electrons, also y and 7 mesons and
hyperons (a density p ~ 10" g/cm® corresponds to a
Fermi energy Ex ~ 100 MeV). In this region one can
only guess at the equation of state, and this introduces a
significant uncertainty in the calculation of a number of
parameters of neutron stars.

Observations of pulsars can yield information on the
structure and evolution of the magnetic field of the star
and its dynamics or, concretely, on the change of its
rotation speed.

If the magnetic field in the star is not maintained by
some mechanism and is due to conduction currents,f
then the characteristic attenuation time of the field is
determined with the aid of the well known estimate

e (4)
where ¢ is the conductivity and r the characteristic
dimension. For a solid crust at ¢ ~ 10* sec™! (see [%))
and r ~ 10°-10° e¢m, the time'is 7y, ~ 10~10" sec (a
dimension r ~ 10° ¢cm and even r ~ 3 x 10° cm corre-
sponds to the radius of the solid envelope, and r ~ 10°cm
corresponds to its thickness). The electron conductivity
o of the neutron-proton-electron liquid under the crust
is much higher than in the crust; according to ! %!
o~ 10*® sec”!. From this we get at r ~ 10° cm a time
Tm™ 10® sec. In the superconducting state, which arises
under conditions of high conductivity, the magnetic flux
attenuates even more slowly. By virtue of the inhomo-
geneity of the star (crust, liquid layer) the question of
the attenuation time of the field on its surface remains
unclear. Furthermore, the field can be maintained by
some dynamo effect. The estimate 7., ~ 4 x 10° years
which can be obtained from the observed distribution of
the periods of the pulsars'231 (see, however, tzrhs 471y
seems possible, but cannot be regarded in any way as
confirmed on the basis of calculations pertaining to the
evolution of the star.

Most interesting and rather unexpected was the pos-
sibility of investigating the structure of neutron stars
from data on the jumps and the general nonmonotonicity
of the slowing down of the periods of the pulsar
PSR0833-45 in the envelope of Vela X and of the pulsar
NP0532 in the Crab nebula. Such changes in the period,
especially the jumps, can be attributed to seismic phe-
nomena in the solid crust of the neutron stars, 128 21
With increasing time, the angular velocity of the star
decreases, as is manifest in an increase in the period
of repetition of pulsar pulses. But the hard crust cannot
change its form smoothly, and therefore as the rotation
slows down one should expect ‘‘starquakes’’ —the ap-
pearance of fractures in the crust, etc., as a result of
which the crust assumes a form that is close to equilib-
rium at the given angular velocity. There are all
grounds for assuming that on a ‘‘starquake’’ and re-
alignment of the crust the angular momentum J =IQ is

TIn a strong magnetic field the quantization of the electron orbits
is important, and for this reason there may appear, in principle, a cer-
tain electronic “‘orbital ferromagnetism.” [**] But an effect is of the
nonequilibrium type and its role still remains unclear, since this role de-
pends on the kinetics of the formation of the star as well as on the time
of relaxation of the considered magnetic moment in the material of the
star.
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conserved, and consequently the change of the angular
velocity AQ is connected with the change of the moment
of inertia Al, so that AQ/Q = —Al/I. The change ob-
served for PSR0833-45 is AQ/Q =~ 2 x 10™°, meaning
that Al ~—2 x107° I ~—10°* g-cm?® (Q ~ 70 sec?,

I ~Mr®~10%* g-cm®at M ~Mg and r ~ 10° cm). By
the same token, a certain average radius of the star r
should change only by Ar ~ (|AIl/I)r ~ 1 em (). It
might seem that after the rearrangement of the crust
the rotation of the star should proceed in the same man-
ner as before the rearrangement, since a negligible
change in the radius is most likely to have no effect on
the decelerating torque (see below). Actually, however,
after the ‘‘catastrophe’’ the pulsar in Vela began to
slow down more rapidly than before it (concretely,
AR/Q ~ 1072 Q = d2/dt). A most likely explanationtso?
of this effect attributes it precisely to the superfluidity
and superconductivity of the neutron-proton liquid un-
der the crust.

In a superfluid liquid,* at temperatures much lower
than critical, there can occur only a vortex-free (super -
fluid) flow, and seemingly, the superfluid part of the
star cannot rotate, i.e., its effective moment of inertia
is zero. Actually, however, even at the negligible angu-
lar velocity Q¢ ~ (/mpr?)In(r/a) ~ 10-* sec ™ (mp
~107%* g is the nucleon mass, r is the radius of the
liquid sphere, and a ~ 10" * cm is the radius of the
core of the vortex filament, where the liquid is no
longer superfluid), it is energywise more convenient for
vortex filaments parallel to the rotation axis to appear
in a rotating superfluid liquid. About each such filament,
the circulation of the velocity is 2 7hi/2my, and the an-
gular momentum of the pair of nucleons (mass 2mp) as
a result of their motion around the filament is equal to
i = 1.5 x 107 erg-sec. When  >> Q¢, the number of
filaments produced is sufficiently large to make the av-
erage velocity of the medium the same as in the case of
a normal ligquid. Then the number of vortex filaments
per unit area perpendicular to the rotation axis is
ny, ~ 2mpQ /(rh) (the angular momentum of the star is
J =1Q ~ Mr®Q ~ njtinr® (M/2my), where M/2m,, is the
total number of pairs). The average distance between
the vortex filaments is therefore ¢ ~ ng /2~ (A/mQ )"/
Even for the pulsar in the Crab, with Q ~ 200 sec™ ", the
distance is £ ~ 2 x 107° ¢cm, which is incomparably
larger than the average distance between neutrons ¢n
~ (p/mp) /% em.

Thus, in a rotating neutron star the neutron-proton
(liquid) part of the star takes part in the rotation be-
cause of the appearance of a set of vortex filaments,
which are probably secured in some way to the solid
crust. If the rotation velocity does not change, then the
presence of the vortex filaments inside, of course, is
not manifest in any way on the outside. But when the
angular velocity changes, the situation also changes.

In the case of a normal (not superfluid) liquid, the neu-
trons exchange momentum with the protons and with the

*Under terrestrial conditions, superfluidity had been known and
investigated only for helium-II (liquid helium at T<T) =2.17°K; we
shall not discuss solutions of He? and He*). In this case, the superflu-
idity vanishes at the A point (at the temperature Ty at which helium II
changes into helium I), which corresponds to the temperature of Bose-
Einstein condensation of the helium atoms.

electrons very rapidly (characteristic time 7~ 107" sec,
see [®1), If the protons are superconducting and the
neutrons are normal, then momentum is transferred as
a result of the interaction of the electrons with the mag-
netic moment of the neutrons, and 7~ 107° sec. On the
other hand, in the case of superconductivity of protons
and superfluidity of neutrons, the transfer of momentum
occurs only in the normal cores of the vortex filaments.
The total volume of these cores is smaller by a factor
7a® xn, ~ 1a® x 2myQ /(1) $ 10™® than the total volume
of the neutron liquid, by virtue of which the relaxation
time 7 now amounts to days or years (!). It follows
therefore that when the moment of inertia of the crust
decreases, at first only its angular velocity increases,
together with the velocity of the proton and electron liq-
uids, while the angular velocity of the superfluid neutron
layer experiences a change only at a time 7, ~ 0.1~

10 years later. By the same token, the rotation of the
star can be described, in first approximation, by equa-
tions[%°7 that speak for themselves:

IQ:N—[(Q——Q,,)% ,
LS = (Q—Qn %

()
Here I, and I, are the moments of inertia of ‘the crust
and of the superfluid part of the star, respectively, N is
the deceleration torque, Q is the observed angular ve-
locity of the crust and 2, is the angular velocity of the
superfluid liquid. It is impossible at present to dwell in
greater detail on the analysis of the equations in (5),
particularly when the moments of inertia I, and I
change as a result of a ‘‘starquake,”’ Qualitatively, how-
ever, it is clear immediately that prior to the establish-
ment of the quasiequilibrium (i.e., for times t £ 0.1-

10 years) the crust is slowed down more strongly than
the neutron liquid. As a result, naturally, after the
‘‘starquake’’ (and incidentally independently of the na-
ture of the change of the angular velocity), the increase
of the pulsar’s period is more rapid than prior to the
quake. From the theory it follows that AQ/Q ~ (T/1,)

x (AQ/Q), where T is the characteristic time of slow-
ing down of the rotation of the star —for example, the
time of doubling of the period of the pulsar (it can also
be assumed that Q/Q = —1/T). For the pulsar in Vela,
T =~ 24 000 years and at 7, ~ 1-10 years we have AQ/Q
~ 10* AQ /@, which agrees with the observations.

The nonmonotonic change of the frequency (wobble)
observed for the pulsar NP0532, with a period of about
three months, may also be connected with the behavior
of the superfluid part of the star.t®*¥1 The point is that
in a system of vortex filaments there can occur slow
rotational oscillations (having precisely the required
period).

It should be noted that the observed perturbations in
the course of the monotonic growth of the period of the
the young pulsars in Vela and the Crab may be attrib-

*We note that wherever the equations (5) are used, in [3°] and in
subsequent papers known to us, the moment of the force N is assumed
to be same before and after the starquake. Yet not only the gravitational
deceleration (see [3*®]), but the probably more appreciable electromag-
netic deceleration of the pulsar can change during the starquake as a re-
sult of additional ejection of plasma and the ensuing changes of the con-
ditions near the star (see the next section).
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uted, in principle, not only to ‘‘starquakes’’ of the crust
and to superfluidity of the neutron liquid. Thus, at-
tempts can be made to relate the perturbations of the
period with the presence of light satellites (planets) of
the star-pulsar, (3% 3431 with changes of the losses due
to gravitational radiation in connection with the chan%e
of the quadrupole moment of the mass of the star,3¢PJ
and some other factors.[343,34P1 The explanation pre-
sented above seems to us, however, more likely. It can
be verified by making sufficiently prolonged observa-
tions of the change of the pulsar period following the
catastrophe (after the jump of the period).

Thus, a study of the nonmonotonicities (perturba-
tions) during the secular increase of the period of the
pulsars uncovers prospects for ‘‘peeking’’ inside a neu-
tron star. Preliminary data on this subject offers evi-
dence favoring the existence of a hard crust and a su-
perfluid neutron core or layer in such stars (the pro-
tons in such a layer are probably superconducting).

One cannot fail to note that following the failure of
attempts to identify certain cosmic x-ray sources with
neutron stars even before the discovery of pulsars, the
prospects of proving the very existence of neutron
stars were far from bright. But now there is a reason-
able hope of studying the internal layers of these stars.
Such progress is inspiring,

4, ELECTRODYNAMICS OF ROTATING
MAGNETIZED STARS

The estimates given above of the relaxation time 7y
of the magnetic field make it possible to assume, in first
approximation, that in a reference frame connected with
the star its magnetic field does not change with time
(within the body of the star). The structure of this field
is unknown. There are no grounds whatever to regard it
as purely dipole, but usually outside the star the dipole
term plays the principal role. Incidentally this, strictly
speaking, pertains only to the case when the star is in
vacuum. On the other hand, if there is sufficiently dense
plasma in the magnetosphere of the star or even in the
wave zone, then the character of the lield outside the
body of the star may be completely altered.

Let us assume first that the star is in vacuum. In
this case we know an exact solution for the field of a
rotating star under the assumption that we are dealing
with an exact magnetic dipole, this being the most re-
alistic model of an ideally-conducting uniformly magne-
tized rotating sphere.t3! The dipole magnetic moment
of the star m is best resolved into a component m
along the axis of rotation @ and a component m; per-
pendicular to the axis of rotation. Obviously m, does
not change in time (we assume that m = const), and the
dipole m; rotates, and consequently radiates. Regard-
less of the details of the structure of the field on the
surface of the star and near it (in the near zone), the
field in the wave zone {at r >> A, = 27¢/Q) decreases
like 1/r and the total power of the magnetic-dipole ra-
diation is equal to Ly, =(2/3)m%Q%/c®. Naturally, this
power is obtained at the expense of a decrease in the
kinetic energy of rotation of the star K =10%/2, and
consequently, in the absence of other losses, we have

dK .

dt 3 PX (6)

Hence
Q = Q1 + (/T )12, T = 331/ (hm* Q2

and the time t is reckoned from the instant when Q
=Q,. For the pulsar NP0532 in the Crab in our epoch,
the period doubles within the time T =~ 2400 years

~10* sec. Consequently at Q,~ 200 sec™ and I~Mr]
~10* g-cm® the time T ~ Ty, at m; ~ 2 x 10%® G-
cm®. The field of the magnetic dipole B=H = 2m/r® at
the magnetic pole and H = ~m/r® at the magnetic equa-
tor. Consequently, at m ~ m | ~ 103 the field on the
surface of a star with radius r, ~ 10° em is H,

~ 10" Oe. Such an estimate is the one customarily em-
ployed;t*7 it does not contradict independent estimates
of the field produced upon formation of a neutron star
(see above). At the same time, obviously, Eq. (6) is
valid rigorously only for a star in vacuum (including the
assumption that there is no escape of particles from the
star), and in addition, only when gravitational radiation
is neglected. The role of gravitational radiation can be
taken into account by adding in the right-hand side of
(6) the term

¢ g, Q8 66 .,
—ng—ZngFz—c—sl-bQG,

where D is the component of the quadrupole moment
of the mass of the star perpendicular to the rotation
axis and € ~ (a — b)/a is the ellipticity (a and b are the
axes of the elliptic cross section of the star perpendic-
ular to the rotation axis, see [ 1), In the inclined-
rotator model the moment D; automatically appears
under the influence of the asymmetrical (relative to the
rotation axis) magnetic field. However, the power of the
gravitational radiation can reach a value L, ~ 10® erg/
sec apparently only if the star has an internal field

(for example, a toroidal one) Hi 2 10"® Oe (see [36:371),
Although the existence of such a field is in principle
permissible and does not contradict the presence of an
external (poloidal) field H, < 10" Qe, it seems to us
very improbable. For reasons that will become clear
later, it is hardly possible to estimate the power of
gravitational radiation from energy-balance considera-
tions or from the dependence of the angular velocity
(period) of the pulsar on the time. Therefore this ques-
tion can be answered definitely only by measuring the
flux of gravitational waves from the Crab nebula (it is
important that the plasma envelope has practically no
influence on the power of the gravitational radiation).
Unfortunately, such measurements are not likely to be
performed soon.*

Besides electromagnetic and gravitational radiation,
the star can lose energy by escape of matter and accel-
eration of charged particles leaving the star.[*7%) A
very important fact here is that near a magnetized star
rotating in vacuum there should exist an electric field

* A gravitational radiation of the pulsar in the Crab with a power
Lo~ 108 erg/sec corresponds to a flux on earth ty = Fg ~ Lg/41rR2 ~
3-1077 erg/cm? sec, whereas the existing receivers [38:3%] can register
only a flux Fg~ 10* erg/cm? sec. Registration of fluxes Fg < 10 —1077
erg/cm? sec, unless some new methods are devised [3?], calls for cooling
a receiver weighing several tons to very low temperatures (T < 1072 °K).
Realization of such a project lies within the realm of possibility at the
present time [*°], but will call for rather prolonged efforts.



90 V. L. GINZBURG

E~ (Qr/c)H (in the reference frame rotating with the
star, E = 0). Such an effect (we are dealing in fact with
unipolar induction) can play a major role even for ordi-
nary slowly-rotating stars.t%! For pulsars, on the
other hand, its role is of course colossally increased ia
connection with the large values of H and Q. For ex-
ample, at © ~ 10°sec™, r ~ 10° sec, and H 2 10° Oe
the field is E 2 3 x 10° cgsesu ~ 108 V/cm. This yields
a potential difference V ~ Er ~ 10 V. It is perfectly
obvious that in the presence of similar fields, or even
fields that are smaller by several orders of magnitude
(the field can be greatly weakened if the plasma atmos-
phere of the star is sufficiently dense), the force of
gravity in the atmosphere of the star plays a secondary
role, In particular, one cannot say that a magnetized
and rotating neutron star can have an extremely thin
equilibrium atmosphere with characteristic height
h~ kTrﬁ/GMmp ~ 1 ¢m (temperature T ~ 10° °K,
M ~ Mo, r, ~ 10° cm; mp = 1.67 X 107 g is the pro-
ton mass). By the same token, there are no grounds
whatever for regarding, and in general it is impossible
to regard such a star as being located in vacuum.
Unfortunately, it is extremely difficult to construct
any consistent theory of the atmosphere (magnetosphere)
of a rotating magnetized neutron star (this is clear even
from the example of slowly rotating stars{*7; to deter-
mine the electromagnetic field of neutron stars it may
be also necessary to take into account the effects of
general relativity theory®® »%1) At any rate, no such
theory has yet been constructed, and even qualitatively
the picture remains unclear if one speaks of the dis-
tribution of the plasma outside the star as a function of
the parameters 2, m (magnetic moment) and r (coor-
dinate).* We can therefore make here only a few re-
marks concerning the electrodynamics of pulsars.
Joint rotation of the star and the plasma in its mag-
netosphere is certainly impossible for distances from
the rotation axis exceeding the radius of the ‘‘light cyl-
inder?’’ R

re = = 4.8-109 (o) cm M

for in the case of joint (rigid-body) rotation the plasma
velocity is v =c already at r =r¢. At @ =2q4/P

=200 sec™' we have r¢ = 1.5 X 108 cm, and at H;

2 108 Oe the field is H¢ ~ Hy(r,/r¢)° 2 10° Oe. Hence,
Hz /81 ~ nkT at a nonrelativistic-electron concentra-
tion in the magnetosphere n =ng 2 400/kT~4 x 10¥cm™
at T ~ 10° °K or for relativistic electrons n =ng
24x10°cm™ at kT ~E ~ 10™° erg ~ 10 MeV. It is
clear, therefore, that for short-period pulsars the mag-
netic field can actually drag with it a rather dense plas-
ma up to distances r ~ r;. However, even in this case,
let alone that of long-period pulsars, depending on the
large number of circumstances (density and effective
temperature of the plasma, field configuration), the
dragging of the plasma can probably stop much earlier,
i.e., already at r <r¢ or even r << re. Thus, the dis-

3

*The dependence of the plasma density on the star mass M and on
its temperature is probably less significant. The same pertains to con-
ditions far from the star, provided only accretion does not play any role
(according to [%7], accretion can play a decisive role for old pulsars).
We note also that the parameter m is equivalent to two scalar para-
meters—the field H, on the surface of the star (say at its magnetic pole)
and the angle a between £ and m.

tance r plays the role of a certain maximum charac-
teristic distance for pulsars. This conclusion agrees
with the estimate of the maximal dimension [ of the
radiating region of the pulsars. Indeed, pulses with du-
ration 6P, generally speaking, should emerge from a
region with dimensions I < c6P, for otherwise the pulse
would become strongly smeared out as a result of the
delay of signals coming from different parts of the
source.! For pulsars, of course, the pulse duration is
6P < P, and consequently I < cP = 27c/Q, or in fact

I << 2nc/S2.

For an inclined rotator (angle o > 0) the picture is
not symmetrical and is not stationary. There are all
the more reasons for expecting the appearance of dif-
ferent plasma instabilities leading to turbulization of
the plasma, to its heating, and to further acceleration of
the particles in the magnetosphere and after emergence
of the particles from it. All these processes can, inci-
dentally, take place also when the rotation axis coin-
cides with the axis of the magnetic dipole (@ = 0). Such
a madel, by virtue of the presence of axial symmetry,
is more amenable to analysis®**? and possibly conveys
some of the major features of the more realistic models
of pulsars. It is curious that for an axially-symmetrical
model the slowing down of rotation of the star, while oc-
curring not as a result of radiation but because of ac-
celeration of the particles by the electric field, is nev-
ertheless given by a formula of the type (6), with m
replaced by my (see [*b #2); of course, when, a =0 the
magnetic moment along the rotation axis m/ is equal
to the total moment m). As a result we obtain for the
field H, on the surface of the star the same estimate as
before, i.e., for the pulsar in the Crab we get H,
~ 10" Oe.

Such an estimate of the field, however, still does not
seem to us convincing, in view of the failure to take
into account the influence of the plasma outside the body
of the star. This is seen particularly clearly in the
case of deceleration as a result of the magnetodipole
radiation. A magnetic dipole located in vacuum, as al-
ready indicated, radiates electromagnetic waves with
a power Ly, =(2/3)m% (@*/c*). But if such a dipole is
placed in a homogeneous and isotropic medium with a
refractive index fi, then the power Lp,(fi) changes by a
factor i*(Q) (for an electric dipole, the power changes
by a factor fi(Q)). More accurately, the former pertains
to the case when waves with frequency Q@ can propagate
in the medium in question. On the other hand, if #%Q)
< 0, then the waves do not go out from the dipole and
the radiation power is Ly, (fl) = 0. For an isotropic
‘‘cold’’ (nonrelativistic) plasma we have

R(oy=1—2 me=;//‘—’%:££=5.64-10{‘/2

and the inequality fi* (w =) < 0 can be easily realized.
In the case of magnetic stars, particularly pulsars,

the plasma near the star is in a magnetic field. There-

fore the plasma is magnetically active and the refrac-

tive indices ﬁzl for the normal waves propagating in it

+tMore accurately, the role of / is played not by the entire dimension
of the radiating source, but the dimension of the region in which the
radiation intensity becomes relatively stronger as a result of the maser
effect (for more details see [*8]).
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depend in a rather complicated manner on the frequency
w, on the field intensity H, on the angle & between H
and the wave vector k, and also on other parameters
{(see, for example, [*91), Thus, if the frequency w is
small compared with the gyrofrequency for the ions
Qy = eH/mjc = 9.6 x 10° H (the ions are assumed to be
relativistic; the numerical coefficient pertains to the
case of hydrogen, when mj = mp = 1836m = 1.67

x 1072% g), then in a large number of cases one can em-
ploy the magnetohydrodynamic approximation. Then,
for example, for waves traveling along the magnetic
field we have

4nimgn;ic? ~ 14 4npe?
I

or fi =V4mpc/H =c/v, under the condition that the Alf-

ven velocity v =H/yZ75 << c. Under the same condi-
tion, obviously, fi >> 1 (for example, at H < 10° Oe and
a concentration nj =ne > 10 em™, p > 107 g/cm®,
and an index fi > 10). Thus, in the magnetohydrodynam-
ic frequency region the radiation, and consequently the
deceleration of the inclined rotator, can differ radically
from that taking place in vacuum (this conclusion is
confirmed by more detailed calculations £°?), In the
Crab nebula, far from the pulsar, H $ 10~* Oe, the ion
gyrofrequency is Qg < 10 sec”!, and the magnetohydro-
dynamic approximation is not valid. To the contrary, in
this case one can usually neglect the influence of the
ions. In addition, in all probability the electron plasma
frequency in the nebula is we = 5.64 x 10*Vng >> wy
=eH/mc = 1.76 X 10" H and we >> Q@ = w. The same
conditions are realized for ‘‘whistlers’’ in the earth’s
magnetosphere and for helicons in metals. As is well
known (see, for example [%°] Sec. 11), under the indi-
cated conditions only one type of wave (ordinary wave)
can propagate in the plasma, with

nte{4

~ I

OY — [ _ ./ dnle]nge
7 () = Voo coso V' Gireose (8)
We D o, 0>, opcostD>Q.

When cos 6§ ~ 1, we ~ 10°-10° sec ™! (ng~ 1-10° cm™),
© =200 sec™!, and wy ~ 10* sec™ (H ~ 107° Oe) we get
fiz(2) ~ 10°-10%, If we assume tentatively that the mag-
netic-dipole radiation, as in an isotropic medium, is
proportional to fi° = fi3, then the loss in this example
increases by 10°-10° times (!). The estimate of the
field H, on the surface of the star then decreases by a
factor fi3’? ~ 10°-3 x 10* compared with the estimate
for the vacuum.

The foregoing reasoning is still far from sufficient
for a realistic estimate of the influence of the plasma
on the deceleration of the star, but it demonstrates the
possibility that the near-stellar plasma can radically
change the picture and cause the appearance of the ob-
served deceleration for a field H, ~ 10°-10° Oe on the
surface of the star. This is precisely why the question
of the magnitude of this field still remains open at pres-
ent, and the customarily employed values H, ~ 102~
10" Oe cannot be regarded in any way as being suffi-
ciently well founded.

The electromagnetic radiation not only slows down
the rotation of the star, but can also change the angle a
between the rotation axis @ and the magnetic moment
m. This question was considered in the articles!*’3%
52%) in the course of calculating the moment of the force

N, which is expressed in terms of the electromagnetic
field stress tensor Tjj. To the same end we can use the
usual equation for a particle with a mechanical angular
momentum J, and a magnetic moment m:

o fmo] — o [m S ) [ D] O
where Hgyy is the external magnetic field at the place
of passage of the dipole and v, ~c¢/r, depends on the
structure (form factor) of the dipole (r, is the radius
of the magnetized sphere).f The moment

4Vm 2my dly
Ne= —=3 {,m diz ]_ T
is conservative and
vy dm -
Im= 3nc3 [mTfT

is the electromagnetic angular momentum of the star,
In the absence of an external field (Hext = 0) and if no
account is taken of the dissipation, the total angular mo-
mentum J =J, + Jp, is, naturally, conserved. For neu-
tron stars Jo=IQ £ 10* g-cm?*sec™!(at IS 10* g-cm? and
Q5 10%sec™) and Jyy ~ m*Q/rec? $ 10%° g-cm2sec™ (at ro
2 10°cm, m ~Hor®~ 10¥0e-cm?®). The angular momen-
tum Jp and the quantity analogous to it when account is
taken of the influence of the plasma are perhaps of in-
terest in a more detailed analysis of the dynamics of
the star. As to the decrease of the angular velocity ©
and the change of the angle «, an important role is
played here by the dissipative moment of the force

2 a*m

Na= gz | m G| = Nan+Nav, } (10)
2 d3m N 2 {iﬁmL
Nay =g [mo—t ] > N g [ mu 5= |-

The moment Ny, is directed along the rotation axis and
slows down the rate of this rotation; taking the scalar
product of (9) with  and neglecting for simplicity the
very small term dJ, /dt, we obtain immediately Eq. (6),
since Ng; = —2m?%Q*/3¢®. The moment Ny, is per-
pendicular to the angular velocity and leads to a de-
crease of the angle «, since

d(Qcosa)  mNy
[T“T‘O’ (11)
da . 2m2Q3
Qg =—Nau=—33
dQ
1 dt

cosasina,

N ——

3 .
== -——Nd”: —E'-g:?—smza.

Here and above, the magnetic moment m is assumed to
be constant in magnitude and rigidly fixed in the body of
the star, which rotates in such a way that the angle «
decreases. The characteristic time of the variation of
the angle @, at a ~ 1, is of the same order as the de-
celeration time T, = 3¢’I/4m*Q3, but as a— /2 the

*ImHext] =m X Hext :

T The moment of the force acting on a small sphere with magnetiza-
tion M = mD(r), fd(r)dr = 1 is equal to fm X H(r)d(r)dr, with H(r) =
Hext +H, (r), where H, (r) is the proper field of the dipole (sphere) at
the point r (the field Hex¢ is assumed to be homogeneous inside the
sphere). Eliminating the field H; with the aid of the field equations, we
arrive [%3] at Eq. (9). Since this equation itself, as well as the procedure
for its derivation, are analogous to those used when account is taken of
the radiation friction in the case of a charge (we refer here to the equation
me{d?r/dt?) = feE(r)D(r) dr = ~my, (d*r/dt?) + (2e?/3c3)(d’r/dt3) +
O(ry), where m, is the mechanical mass and mjmp = e?rm/c® ~ e?/c?r,
is the electromagnetic mass of a “‘particle” whose charge density is p =
eD(r), fD(r)dr =1).



92 V. L. GINZBURG

turning of the moment m is greatly slowed down (when
a = /2, obviously, da/dt = 0). An analysis of Eq. (11)
is contained in the articles [5% %21, Unfortunately, the
moment of the force N depends both on the radiation
power, meaning on the parameters outside the star, and
on the quasistatic component of the dipole m ;. For a
nondipole field the situation is even more complicated.
The same can be stated when account is taken of the
nonsphericity of the star due to the presence of a solid
crust or other factors.t5201 As a result, the question of
the change of the angle o or, if convenient, of the radi-
ating projection of the moment m for pulsars, remains
open. Observations give the impression!®% 51 that for
the pulsar NP0532 in the Crab the angle a is close to
7/2, i.e., the magnetic dipole is practically perpendicu-
lar to the rotation axis. An analogous situation occurs,
apparently, for ordinary magnetic stars.!5¢! The corre-
sponding causes are not yet clear, but in principle, when
account is taken of the influence of the plasma and of a
not-strictly-dipole field, the angle @ may either not de-
crease or even tend to 7/2, so that it is certainly pre-
mature to speak of some contradiction in the model of
the inclined rotator.

In summary, we can state that the model of the in-
clined rotator, in the approximation wherein the plasma
outside the star is sufficiently rarefied and exerts only
a small influence on the radiation of the star (the ¢‘vac-
uum approximation’’) is capable of explaining a number
of features characteristic of pulsars, namely, the de-
celeration (increase in the period) after a characteris-
tic time T ~10°-10° years; the appearance of a plasma
atmosphere of the pulsar as a result of the presence
near the rotating magnetized star of an electric field
causing the escape and acceleration of the particles; the
presence of a sufficiently extended plasma atmosphere
is assumed in most models of the radiating regions of
pulsars,

In the discussed ‘‘vacuum approximation’’ the mag-
netic field on the surface of the star is H,~ 10%-10%Oe,
and an appreciable fraction of the energy lost by the star
is transferred to the escaping plasma, which also con-
tains particles with very high energies. The last result
is favorable from the point of view of the possibility of
explaining the activity in supernova envelopes and cer-
tain features of these envelopes (concretely, we have in
mind the pulsar NP0532 in the Crab nebula), and also
the effective acceleration of particles near pulsars (see,
for example, [36 57 %81y,

At the same time, the region of applicability of the
‘‘yacuum approximation’’ remains unclear, let alone the
fact that there is still no solution to the central problem
of the self-consistent determination of the plasma pa-
rameters and the field parameters near a rotating neu-
tron star —an inclined rotator. Therefore the estimate
H, ~ 10°~10° Oe for the field on the surface of the star
seems improbable to us at the present time. The ques-
tion of the time variation of the angle a between the
magnetic moment m and the rotation axis € remains
unclear. The same can also be said of the estimates of
the power of the cosmic rays and nonrelativistic plasma
emitted by the pulsar, let alone the power of the gravita-
tional radiation of the pulsars, Yet in the literature de-
voted to the pulsars, much that is hypothetical and
barely possible is frequently regarded as fully realis-
tic (examples are the statements of very powerful grav-

itational radiation of pulsars and the decisive role of
pulsars as sources of cosmic rays in the Galaxy; see
[%°) in this connection). Of course, such a situation is
to a considerable degree a natural reaction to such a
remarkable discovery as the observation of pulsars.
But independently of the motives, it must be borne in
mind that the creation of a reliable theory of the atmos-
phere and magnetosphere of pulsars still calls for tre-
mendous work.

5. MECHANISMS OF PULSAR RADIATION*

If we disregard some information that can be ob-
tained regarding pulsars from data on supernova enve-
lopes (see, for example, [%01) all of our information
comes at present from analysis of the radiation emitted
by the pulsars. It is obvious by the same token that
questions of the mechanisms of radiation of pulsars and
the structure of their radiating regions are of prime
significance.

The first essential conclusion that can be drawn
readily on the basis of estimates of the brightness tem-
perature Ty for the radio emission of pulsars is that
the mechanism of this radio emission cannot be incoher-
ent,

We recall that for incoherent radiation mechanisms,
in the absence of an absorption or reabsorption (absorp-
tion by the radiating particles themselves), the total ra-
diation power (luminosity) L of a system of radiating
particles (molecules, atoms, electrons) is the sum of
the powers of the radiation of the individual particles.

In other words, for incoherent mechanisms the radia-
tion power is L =Nu, and when account is taken of the
absorption and reabsorption we have L < Nu, where u
is the radiation power of one particle and N is the total
number of the radiating particles in the source. In a
large number of cases, however, it is necessary to con-
sider also coherent mechanisms of radiation—in this
case the power is L > Nu and in general is not propor-
tional to N, Examples are optical and radio sources
with reabsorption, cosmic masers in the lines of OH and
other molecules, certain components of the sporadic
radio emission from the sun, and the radio emission of
pulsars.

The radiation flux emitted by a spherical surface of
radius r and observed at a distance R is equal to
F(v) = (2m/%/c®kTy, (r/R)?. The brightness temperature
of the source is therefore

Ty (BVo g 0410y (£)* F(v),

27k r (12)
where the flux F(v) is measured in flux units f.u.
= 10" W/m® Hz; expression (12) can be regarded as a
definition of T}, and then it is formally suitable also
beyond the limits of the condition hy << kT}, (under this
condition formula (12) is suitable also for equilibrium
radiation, when T, < T).

For the pulsar NP0532 in the Crab, the time-aver-
aged flux is of the order of magnitude (13)

F(10*Hz)~ 10 f.u., F10¥Hz)~ 102 t.u., F(10%Hz)~ 10" f. 0.

Hence at R = 1500 parsec and r ~ 5 x 10" cm we obtain
Tp(radio) ~ 10% °K, Ty(optics) ~ 10° °K, Th(x-rays)
~10°K. The pulsar luminosity L ~ 47R* [F(y) dv is of

*For details see [3:6162] and the literature cited therein.




PULSARS

the order of L(radio) ~ 10*! erg/sec, L(optics)
~ 10* erg/sec, and L(x-rays) ~ 10* erg/sec. Even if
the radius r is decreased by one order of magnitude,
we get Tp, (optics) ~ 10' °K, corresponding to particles
with energy E ~ kTp ~ 107 eV. It is clear therefore that
optical and x-radiation of pulsars can be fully incoher-
ent, for example synchrotron radiation or inverse Comp-
ton scattering. To the contrary, radio emission even at
Ty, ~ 10® °K (for NP0532 this corresponds to the radius
r ~ 5 x 10®° cm) can patently not be incoherent, since the
the acceleration of a large number of electrons to en-
ergies E 2 10% eV is utterly unrealistic (furthermore,
the intensity and accordingly Tp in the pulses is much
higher than the employed mean values). The same can
be said concerning the sources of OH lines with Ty
~10%° K, and concerning a number of bursts of solar
radio emission. Thus, the radio emission from the pul-
sars should actually be due to a coherent mechanism.

There are two essentially different types of coherent
radiation mechanisms, which can be called maser and
antenna. The maser mechanism acts already under con-
ditions of the homogeneous medium, i.e,, it does not re-
quire spatial bunching of the particles. In some cases
the maser mechanism does not require bunching or ani-
sotropy of the particles in velocity space either. In
other words, the maser mechanism can operate in the
absence of macroscopic currents that vary at the radi-
ated frequency. The maser mechanism is related to
reabsorption-—in both cases the intensity on the path [
changes like

(14)

and for reabsorption u > 0, whereas for amplification
w<o.

The most essential factor for the antenna mechanism
is spatial inhomogeneity of the source or spatial inho-
mogeneity of the distribution of the currents in the
source. In the simplest case we are dealing with a
source consisting of particle bunches, and one of the
dimensions of the bunch is d << A (A is the wavelength
in the medium). If this condition is satisfied by all the
dimensions of the bunch, then its radiation in all direc-
tions is coherent in the sense that all particles of the
bunch radiate in phase, and therefore the total radiation
power is Lp = nf,u, where u is the radiation power of
one particle and np is the number of particles in the
bunch (if, for example, there is a bunch of electrons
with dimension d << A, then the power of its radiation,
say in acceleration, is proportional to (eny)? and the
radiation power of one electron is proportional to %)X

I=Iyexp (-—pl),

*To avoid confusion in terminology, we must also note the following.
Radiation is usually called coherent when the phase of the field is fixed.
Obviously, any fixed, regular (not statistical) distribution of currents ra-
diates coherently. A particular case of this coherent radiation is the radia-
tion mentioned in the text, under conditions when the phase difference be
tween all the radiators in the bunch is small. An aggregate of coherent ra-
diators (bunches) with independent (random) phases on the whole gives
incoherent or partly coherent radiation. The same applies to master radia-
tion under cosmic conditions (and, in general, without a resonator, when
the radiation from the entire radiating region is incoherent in the sense of
the random character of the phases of the field in different directions
and at different frequencies. By virtue of the foregoing, we distinguish
coherent radiation in the text from coherent radiation mechanisms de-
fined by the condition L > Nu (such mechanisms are based, however,
on a certain coherence, for example within the confines of the bunch
or when the waves are amplified in a specified direction).
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For a source containing N particles and Ny, bunches
that radiate independently of one another (incoherently),
we obviously have
(15)

L=Npniu= nyNu.

Thus, in this case the radiation power is larger by a
factor np, than for an incoherent source with the same
values of N and u., For bunches in the form of fila-
ments with diameter d << A or disks with thickness
d <K A, the radiation of all the particles in the bunch
has the same phase, generally speaking, only in a direc-
tion perpendicular to the axis of the filament or to the
plane of the disk. Such cases are analogous to thin an-
tennas of the corresponding shape (we therefore call the
discussed coherent mechanism the antenna mechanism).
With increasing characteristic dimension of the bunch
bunch d, the radiation power begins to decrease rap-
idly, as soon as d 2 A. In fact, the intensity of radiation
with a wave vector k = (2r/A)k/k is proportional to I
~ [1i(r) exp (ikr)dr [°, where j(r) is the current density
in the source (bunch). Confining ourselves for simplic-
ity to a one-dimensional distribution, we see that for a
continuous current distribution of the type j = jor~*/?
x exp (—x°/d?), the intensity is smaller by a factor
f = exp (—7°d®/A%) than when d << x. The indicated fac-
tor f is sufficiently small already at d = A, when
f =exp —7° ~ 107% obviously, when d = 3x we have
f ~107* and consequently the antenna mechanism is ef-
fective usually only when @ < A. The use of an expres-
sion of the type (15) is limited also by the condition of
incoherence of the individual bunches. In general, in
the antenna mechanism, the currents or the emf’s pro-
ducing them are usually assumed specified and the mu-
tual influence of neighboring bunches (antennas) is not
taken into account. It is extremely difficult to satisfy
these requirements for meter wavelengths and shorter
under cosmic conditions. First, although different
mechanisms of plasma instability and certain other
conceivable processes do lead to the occurrence of in-
homogeneities, these inhomogeneities are usually not
clearly pronounced (in other words, the depth of modu-
lation of the charge density is small). Second, even if
clearly pronounced bunches were to be produced, they
should, generally speaking, spread out very rapidly.
The point is that in outer space it is difficult to expect
formation of monoenergetic particles and therefore the
particles in the bunches will have a noticeable velocity
scatter Av. Therefore, say, along the magnetic field
the bunch becomes appreciably smeared out within a
time 7 ~ d/Av). Hence, for example, at d ~ 30 cm
and at a velocity scatter along the field av;~ 3
x 10° em/sec, the time is 7~ 107 sec. In a direction
transverse to the magnetic field (in the azimuth) the
bunch also spreads out within a time 7 S 27rg/Av |
=27v,/Av  wl, wH = (eH/mc)(mc?/E). Even when
AV~ 1072y, the time is T S 10°/wp, and at
E/mc? ~ 102, H > 10° Oe the time is 7 < 10 ”® sec.
Many such examples can be cited; all indicate that
any pronounced antenna mechanism is not realistic un-
der cosmic conditions. Yet in the literature, in connec-
tion with a discussion of the nature of the radiation of
pulsars, it has been proposed many times to use pre-
cisely the antenna mechanisms. Yet no concrete grounds
for the appearance of sharply delineated bunches and
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for their stabilization are presented. By the same to-
ken, in our opinion, the calculations are completely un-
founded. This holds true even in the radio-astronomical
band, and in the case of the optical and x-ray bands it

is much more difficult to speak of formation of bunches
or current layers with characteristic dimensions (diam-
eter, layer thickness) d < A. It is possible that the ten-
dency to involve antenna mechanisms is connected with
the fact that radio emission of pulsars, as mentioned
above, cannot be incoherent, whereas the maser coher-
ent radiation mechanisms are still less known com-
pared with the classical antenna mechanisms. In one
way or another, under cosmic conditions attention should
be paid not to antenna mechanisms but just to maser co-
herent radiation mechanisms.

Maser coherent radiation mechanisms, as already
mentioned, are effective in a homogeneous medium, if
we disregard the trivial need for regarding this medium
(the radiating region) as bounded in space. To be sure,
in maser mechanisms in which one uses nontransverse
waves (in particularly, strictly longitudinal waves), by
virtue of the equation div E = 4np, there automatically
appear certain uncompensated charges with density
p(r). These charges (and also the charges connected
with any concentration fluctuations) are important for
wave transformation, for example for the transition of
plasma (longitudinal) waves into electromagnetic (trans
verse) waves, But in such cases the inhomogeneities of
the electron concentration or of the ion concentration
have in essence nothing in common with the discrete
bunches of charges which are usually considered within
the framework of the antenna radiation mechanisms.

Let us make a few remarks concerning the maser
mechanisms, using the transport equation for the inten-
sity of the electromagnetic waves I:

dl

YA+ (B—p . (16)

If we are also interested in the polarization of the radi-
ation, then a similar equation should be written-also for
other Stokes parameters (see, for example, [6%), In ad-
dition, no account is taken of refraction in (16) and the
system will be regarded below as homogeneous over a
length I along the ray (x axis)., Under such conditions,
the intensity of radiation of the source in the x-axis
direction is

A

I=
pe—B

{1 __e(B—uc)l}_ (17)
In (16) and (17), the coefficient A corresponds to spon-
taneous radiation, B to the stimulated (maser) radia-
tion or reabsorption (for B < 0), and u¢ is the absorp-
tion coefficient, which is not connected with the radiating
particles themselves; in practice for radio waves u. is
the absorption coefficient due to collisions, and its value
for a hydrogen plasma, when account is taken of the in-
fluence of the magnetic field, is[*’?
of
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In the case of synchrotron radiation of isotropically
distributed electrons in vacuum we have A =€ and
B = —uy <0, and the expressions for the emissivity €
and the reabsorption coefficient i, are well known,[63!
The amplification (maser effect, B > 0) for synchrotron
radiation can take place for any nonunity refractive in-
dex fi in a radiating region, or else in the case of an
anisotropic distribution of the relativistic electrons with
respect to the direction of their velocity. The index
fi # 1, and concretely fi(w) =vI—(w2/w? ~ 1 - /20"
in the presence of a ‘‘cold”’ plasma with concentration
ne in the radiating region (here, by assumption, wé
= 41rezne/m < w?. The anisotropy of the electron ve-
locity distribution leads to amplification if this aniso-
tropy is appreciable already in an angle region on the
order of

0=V BV T+ (ooh) ~ VIt B=u/c

(for details see [%% %31 and the literature cited therein).

If a longitudinal (plasma) wave with frequency wj
~ we and intensity I; propagates in the plasma, then
the transverse (radio) waves with frequencies w = wj
are generated as a result of spontaneous and stimulated
scattering, with A =ol; and B =8Y; in (16) (expres-
sions for @ and 8 are given in [#1), In this case the
gain is large if (BI; — p¢)l >> 1. For the indicated
mechanisms one can easily obtain the radio luminosities
and the values of Ty needed in the case of pulsars.

Transformation of a plasma wave into radio waves is
a particular case of the processes of transformation (as
a result of scattering, and in the general case by virtue
of the nonlinearity of the plasma) of certain normal
waves into others, which can propagate in the plasma
(in the presence of a magnetic field, these waves, gen-
erally speaking, are neither transverse nor longitudi-
nallé® ¢41), Besides spontaneous and induced transfor-
mations of different waves, these waves can be gener-
ated, be amplified, and be absorbed in a plasma as a
result of a large number of processes (particle beams,
shock waves). By the same token, the plasma turbulence
which reduces in a certain approximation to an aggre-
gate of different normal waves, generates electromag-
netic plasma radiation that is emitted to the outside!
54%51; if a condition of the type (8l; — pc)l >> 1 is
satisfied, this is precisely the maser radiation.

A third important class of maser coherent mecha-
nisms acts in the simultaneous presence of plasma tur-
bulence and relativistic particles.!®®? In essence, such
a mechanism is particularly closely related to the in-
verse Compton scattering of electromagnetic waves in
vacuum by relativistic electrons (more accurately, the
maser effect is connected only with stimulated scatter-
ing; spontaneous scattering of plasma turbulence by
relativistic particles is also of interest). Let a wave
(frequency w,, wave vector k;; k;, = (w/c)fi(w, )(k/k))
be scattered by a relativistic particle (electron) having
a velocity v, and let it be transformed into a wave with
frequency w, = w and wave vector k, = k. The types
of waves 1 and 2 can be different, but we always have

(19)

w—kv=w0—kv,
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where the change of energy of the electron upon scat-
tering is assumed to be small.* The condition of (19)
can be written in the form

@ [1 — 27 (0) cos (kv)] =0y 1L R (0,) cos (k‘v)] ,
and the frequency w will be maximal when cos (k)

= —1, cos (kv) = 1 (frontal collision), i.e.,

@y (14 (v/e) 7 (@) 2w,

© < Omax = 1 (gn(@ A—(dn)

If the frequency w is sufficiently high so that we can
put fi(w) = 1, then

Omax < 40y ( mb;g ) ’

(20)
since for relativistic particles
v 1 —(2¢2) 1 (imc?\2
e 1E R

We note that synchrotron radiation can also be re-
garded as a frequency conversion, in which case it is
necessary to put «, ~ eH/me in (20) (for details see
62,671y For *‘inverse’”’ Compton scattering in vacuum,
the role of w, is played by the frequency of the scat-
tered soft photon. In a nonrelativistic plasma, the fre-
quency of the normal waves w, is determined by the
characteristic frequencies

o == 5.64-100 | " n,. ‘”i"l/@%‘%
{for the considered hydrogen plasma) and wy = eH/mc
= 1.76 x 10" H. One should bear in mind the possibility
of simultaneous action of different mechanisms, when A
and B in (16) have the meaning of a summary radiating
ability and the summary (due to all mechanisms) gain
or reabsorption. In particular, for example, the main
contribution to A may be made by synchrotron radia-
tion, and the gain may be determined by plasma turbu-
lence.

Another possibility is a maser mechanism in a dense
plasma situated in a strong field (H 2 108 Oe) and radi-
ating as a result of collisions (‘‘one-dimensional’’
bremsstrahlung) and transitions between lower mag-
netic levels (cyclotron radiation).f68! It still remains
unclear, however, whether radiation can leave the gen-
eration region in such cases, and also the possibility of
obtaining inverted population of the levels seems unre-
alistic when account is taken of collisions, as is neces-
sary for a dense plasma.

The maser mechanisms are characterized by the
possible appearance of a sharply directed and polarized
radiation. We are dealing simply with the fact that the

*The condition (19) is easiest to obtain by using quantum represen-
tations, according to which a photon in a medium (plasmon, etc.) has an
energy hw and a momentum hk (see [%¢]). The energy and momentum
conservation laws in scattering take the form

E - hwy = Eg~-Tiwg,  py-+FRky=py—+ ks,

where E =v/m?c¢* + ¢2p? is the energy of the particles. From this we
get for small changes of energy E,—E, = (8E/dp)Ap = vAp = hv(k,—k;)
= w,—w,), leading to (19).

gain exp Bl is very sensitive to the value of B[ if Bl
>> 1; this value depends in turn on the path length,
wave polarization, and other parameters (and therefore
the values of Bl in different directions and for different
polarizations can easily differ from one another). Obvi-
ously, such a feature of maser mechanisms is quite fa-
vorable from the point of view of interpretation of pul-
sar radiation. What is most important, maser mecha-
nisms are quite capable, from the point of view of their
efficiency, of causing the appearance of radiation with
practically arbitrarily high brightness temperature.
Finally, since it is not realistic to use antenna mecha-
nisms under cosmic conditions, the use of some maser
mechanism to explain the radio emission of pulsars
seems to us inevitable.

6. CERTAIN MODELS OF RADIATING REGIONS
OF PULSARS

The center of gravity of the question of pulsar radia-
tion lies in the choice of models of radiating regions,
since there are no apparent difficulties either with re-
spect to the potential capabilities of the different mech-
anisms of radiation or from the energy point of view.
To the contrary, even such fundamental questions as
the character of the directivity pattern of the radiation
(we have in mind the choice between the ‘‘pencil’’ and
the ‘‘knife’’ diagrams; see below), the characteristic
dimensions [, and the distance r of the radiating re-
gions from the surface of the star still remain unclear.
Nor do we know the distribution function of the plasma
particles in the radiating regions, and its determination
from data on the radiation itself is subject to an inher-
ent essential uncertainty (leaving aside the entire parti-
cle momentum distribution function, even determinations
of such integral parameters of the plasma as the con-
centration of the radiating ultrarelativistic particles
ny, their average energy E, the concentration of the
‘‘cold’’ plasma ng, its temperature Tg, etc., are all
ambiguous).

In order to observe the radiation of a rotating star
in the form of relatively short pulses (pulse duration
0P << P —period of the pulsar), the characteristic aper-
ture angle of the directivity pattern A¢ should be suffi-
ciently small (models of rotating radiators with such a
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FIG. 3. “Pencil” directivity pattern (cross section). The pattern has
axial symmetry about the magnetic axis.

FIG. 4. “Knife” directivity pattern (cross section). The pattern has
axial symmetry about the magnetic axis.
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diagram are frequently called ‘‘beacon’’ models). It is
obvious that

Ap ~ 22 5P —Q6P. @1)
For NP0532 the angle is A¢ ~ 20-30 °, and for most
other pulsars the angle A¢@ is smaller.

If the angle A characterizes the aperture of the di-
agram in all directions, then we deal with a ‘‘pencil”’
diagram, its axis can, for example, coincide with the
magnetic-symmetry axis (direction of the dipole m;
Fig. 3). Another typical possibility is the ¢‘knife’’ dia-
gram, when the angle A¢ determines only the smallest
aperture of the diagram, and in a perpendicular direc-
tion the aperture is characterized by an angle ¢; ~ 1
or even ¢ =27. Such a pattern is obtained, for exam-
ple, if the radiation is concentrated in an angle Ag
about the equatorial plane of the magnetic star (Fig. 4).
The solid angles subtended by the ‘““pencil’’ (p.b.) and
“knife’’ (k.b.) diagrams are of the order of
AZ)p.b ~ (A@)? and AZ)k_b ~ 27A¢ (at ¢ | ~ 27). Fur-
ther, for each rotation of the ‘“beacon”’ (star), the dia-
grams subtend on the celestial sphere the respective
solid angles

ARy ~ 2nsina-Ap, A DP, ~ 4nsina. (22)

For an isotropic radiator, and in order of magnitude
also for a dipole radiator, we have A2’ ~ 47. Con-
sequently, at sin o ~ 1, in the case of the ‘‘knife’’ dia-
gram the pulsar is ‘“seen’’ from almost all directions
and an estimate of their concentration is the same as
for isotropic radiators (if we disregard pulsars, then
all stars are isotropic radiators). In the case of a
“‘pencil”’ diagram we have AZ);)_{) /A28 ~ sina xAp

and the pulsar concentration is larger by a factor (sin &
X A(p)'1 than given by the estimate for isotropic radia-
tors. If the pulsar NP0532 in the Crab has a ‘“pencil”’
diagram, then we see it only because of the fortunate
circumstance that the axis of the diagram lies near the
line joining the pulsar with the sun.

For a ‘‘knife’’ diagram with angle ¢ = 27, there
should be observed during the period of a pulsar, gen-
erally speaking, two pulses.[®7%%1 x This is the case,
for NP0532, by virtue of which the assumption of the
‘‘knifelike’’ character of the diagram encounters no
special objections. But a similar picture could be ob-
served for diagrams of the ‘‘pencil’’ type. Furthermore,
there can exist also different asymmetrical diagrams,
for example a ‘‘knife’’ diagram with ¢; <2r.

For the pulsar in the Crab, apparently a ~ 7/2 (see
€54,551), In the following estimates of the characteristic
dimension [ of the radiating regions, we have in mind,
for the ‘‘knife’’ diagram, the thickness of the ring-like
radiation belt in the plane of the magnetic equator, and

*Let the observation direction k make an angle ¥ with the rotation
axis (Fig. 5). Then for a < /2 and (7/2)~a < ¥ < 7/2 two nonequidis-
tant pulses will be observed during one revolution of the star (there is
no radiation when ¥ < (w/2)—a). For a = /2 these pulses are equidis-
tant and the period of the pulsar is P = w/2 = Pg¢/2 (here Pst = 27/Q is
the period of revolution of the star). If a # #/2, one pulse will be ob-
served during the period of the pulsar at ¥ = 7/2 (two pulses per revo-
lution of the star, i.e., P = Pgt/2), and at ¥ = (x/2)—« (in this case P =
Pst).

FIG. 5. “Knife” directivity pattern (ex-
planation). k--observation direction; the
observation directions k, and k coincide
with the plane of the diagram.

Magnetic
axis

Radiating
region

FIG. 6. Model of radiating regions of pulsar located in the polar
region (“pencil” diagram).

for the pencil diagram the diameter of the radiation
‘cap’’ over the magnetic poles (Fig. 6). The optical and
x radiation of this pulsar will be assumed to be incoher -
ent synchrotron radiation. Such an assumption is imme-
diately the most probable, 48 58 61,62] gince the high ef-
ficiency of the synchrotron mechanism is known from a
number of examples., Furthermore, the alternate possi-
bilities (radiation from a dense plasmaf®®] inverse
Compton scattering of the radio photons by relativistic
electrons,t?% 721 and scattering of plasma waves by rel-
ativistic electrons with their transformation into radio
waves®] encounter various objections).*

It is not difficult to construct synchrotron models for
the infrared, visible (optical) and x-radiation of the pul-
sar NP0532; such models describe in detail the form of
the given spectrum. These models, however, are not
unique so long as the question of the parameters of the
radiating regions remains open (their form, field con-
figuration, etc.). Furthermore, it is necessary to worry
about the self-consistency of the model, i.e., to consider
not only the radiation but also the acceleration of the
particles, their accumulation in radiation belts, etc.

In such a situation we confine ourselves here to a
rough approximation—we assume the spectrum of the
electrons to be quasimonoenergetic (average energy E,
energy spread AE << E). The emission spectrum of
such electrons is well known (see, for example, (77},

*In a dense plasma it is difficult to obtain inverted population of
the levels (this population is destroyed by collisions). Inverse Compton
scattering is of great interest from the point of view of the appearance
of +y radiation of pulsars, but in all probability it is impossible to relate
their optical and x radiation with Compton scattering (this is clear from
the calculations of [72]; another author using the *“‘Compton model”
[} changed subsequently to different synchrotron models [?*]). For
transformaton of plasma waves into x-rays in scattering of relativistic
particles, the frequencies of plasma waves would be improbably large
(at a moderate value of the ratio E/mc?).
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Specifying the radiation flux F(v) for the infrared, opti-
cal, and x-ray frequencies vj, vy, and vx, we can deter-
mine the frequency vy, and the power P(vy,) = L{vy)
at the maximum of the emission spectrum, and also the
optical thickness 7 (vj) for the infrared frequency (re-
absorption at higher frequencies is very small). Fur-
ther, we have

(23)

me me?

H .
v,,.=0.07f_£( £ )“.-:'1.2-106Hl (,,%)ZHZ
The radiation power at the maximum is
3H
P (vp) = 1.68n—wj~ nV ~ 107 2H n. P erg“sec-Hz (24)

The optical thickness for reabsorption is[%%!

1) =l = e g (5) K (2),

i
i
K@) =—7F5—27%? for z<1. ]

From this, obviously, we can express E/mcz, H,, ny,
and [ ~ V'/® in terms of one arbitrary parameter,
which we choose to be the ratio of the density of the
relativistic electrons, 6 =H2/817Enr (more accurately,
what is involved here is the field projection H | per-
pendicular to the line of sight, but we assume below
that H ~ H |; this, of course, is not obligatory). As a
result we get

Ejme? ~ 1(028-2/17, n, ~ 5. 1016-7/17 cm”
T (v =1.36. 10“) = Hrl =1.75.

H o~ H| ~10%:/170€,1 ~ 5.10%4/17 ¢m,
.

Probably for the pulsar in the Crab & >> 1 and in any
case 0 2 1, if one strives to have the cloud of relativis~
tic particles retained near the star. Only when 6 >> 1
is the principal role assumed by synchrotron and not by
Compton losses. Thus, even at 6 ~ 1 the Compton
losses (lifetime to ~ 107" sec) are larger by 10-100
times than the synchrotron losses (lifetime t, ~ 5

x 107 sec),* and the power of the Compton ¥ rays (E,
~ 2 x 10° eV) reaches 10* erg/sec.

In the model under discussion, the region of radia-
tion of light and x-rays is I ~5 x 10° cm, so that its
most likely distance from the surface of the star is also
r ~ 5 x 10° cm. But this means that on the surface of a
star with radius ry ~ 10° cm the magnetic field is H,
~ (r/ro)aH ~ 3 x10% Oe. If on the other hand, the field
is Hy, ~ 10”2 Oe, then at r ~10r, ~ 10" cm the lifetime
of the electrons (27) moving at a large angle to the field
(at H) ~H~ H, (r,/r)* ~ 10° Oe) is tm ~ 107" sec (at
E/mc2 ~ 10%), Under such conditions, in all probability,
the relativistic electrons can ‘“survive’’ only by moving
at a very small angle to the field. The character of the
synchrotron radiation under such conditions differs es~

*As is well known, the energy of relativistic electrons in the mag-
netic field decreases to one-half within a time

3-108 mc2

T E e (27)

For H; = 10¢ Oe and E/mc? = 102, the time is t;; = 5 X 1075 sec.

_ 2m3cd fme?
" 3ape (T) ’

sentially from the ordinary synchrotron radiationt®? "1
(it is necessary here to take into account also the curv-
ature of the magnetic force lines!™1), If H, ~ 10 Oe,
then to retain the model discussed above we can assume
that | <<r ~ 108 cm, i.e., we can move the radiating
region into the region of the ¢light cylinder’’ (7).

The character and mechanism of the radic emission
of pulsars is less clear. Let us assume by way of ex-
ample that the radio emission of NP0532 is coherent
synchrotron radiation and amplification due to the pres-
ence of ‘“cold’’ plasma. In this case for quasimonoener -
getic electrons the maximum gain |u| is determined by
the formula (see %°1)

nHY -1

— Cm
(E,’mcz)'zng/‘ !

p o= —1.6.10-2 (28)
where ne is the concentration of the ‘“cold’’ plasma
(in (28) this plasma is assumed to be nonrelativistic,
but in general it can be regarded also as a relativistic
plasma with temperature Te -satisfying the condition
kTe << E, where E is the energy of the radiating ultra-
relativistic electrons).

The flux F(v) observed from NP0532 at a frequency
v ~ 3 x 10" Hz can be obtained for § =H?/87Eny~ 1 by
choosing the following parameters

H~H ~300e, ! ~10Ccm, 1
Eom 8 e~ o~ B0 T 100K. (29)
mc

Here |p| ~ 5 x 107" and exp { [u (I} ~ 10%.

If the magnetic field decreases like H ~ Ho(ro/r)S,
then at Hy,~ 108 Oe the radio-emitting region is located
at r ~(1-2) x 10® cm, i.e., near the ‘‘light cylinder?’’
re =¢/Q ~ 1.5 x 10 cm (angular velocity © ~200 sec™).
The employed model, assuming a ‘‘knife’’ character of
the diagram, is shown schematically in Fig. 7. If the
tield is H, ~ 10" Oe, then with the field decreasing like
(ro/r)3 the radio-emitting region would have to be moved
back to a distance r ~ 10" cm. This is not probable,
and at H, ~ 10" Oe, it is more likely that the radio
emission does not become intensified as a result of the
“cold’”’ plasma. Incidentally, even when H;~ 10® we
have no special reason for assuming the intensification
of the waves connected with the ‘‘cold’’ plasma to be
decisive. No less probable, for example, is amplifica-
tion due to the anisotropic distribution of the relativistic
electrons with respect to their velocities (in this case

FIG. 7. Model of radiating re-
gions of the pulsar NP0532 (“knife”
diagram).

Region of genera-
tion of optical -~
and x-radiation

Radial-emitting _
region B
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the presence of a ‘‘cold’’ plasma is not obligatory).*
Other mechanisms of transformation of plasma waves
into radio waves may be likewise fully effective (see
the preceding section and the articlet™P1),

By the same token, it must be stated that there is
great uncertainty with respect to concrete models of
the radio emission of pulsars. We note also the deli-
cacy of the problem of polarization of the radio emis-
sion,[% 7731 the analysis of which can nevertheless
shed much light on the matter.t Special mention should
be made of the second (short) period, which was ob-
served in the analysis of the form of the pulses for a
number of pulsars.c77P; Apparently we are dealing here
with some oscillations or differential rotation in radio-
emitting regions of the pulsars, but the concrete nature
and the very character of the corresponding processes
are far from clear.

The coherent mechanism of radiation is obviously
quite sensitive to different parameters, since the ampli-
fication is determined by a factor of the exponential type
(the factor exp (lu{l)). It is perfectly possible also that
the pulsar NP0532 is not a typical representative of
even the young pulsars. In this connection it is not ex-
cluded that the ratio of the fluxes in the radio and opti-
cal or x-ray bands can vary over a very wide range. In
particular, the question arises of the possibility of ob-
serving optical and (or) x-ray pulsars other than the ob-
served radio pulsars.t® 781 So far, insofar as we know,
attempts have been made to observe pulsating optical
and x-radiation only for radio pulsars (this, of course,
offers great advantages, since the period is known), and
for certain x-ray stars.

The spectrum of the only known optical pulsar, the
pulsar in the Crab, has no lines whatever.l”® ®1 This
is to be expected for a neutron star. Naturally, searches
for optical pulsars {which are not simultaneously radio
pulsars sufficiently powerful to be observed in the radio
band) must be carried out among stars in the spectra of
which there are no lines (there are rather many stars
of this type in the sky!®1),

7. USE OF PULSARS IN ASTRONOMY AND PHYSICS

The most important consequence of the discovery of
pulsars is their very probable identification with neu-
tron stars, the possibility of existence of which began
to be discussed back in 1934,L%!1 Besides the study of
the pulsars (neutron stars) themselves, attention is at-

*The latter circumstance is quite important, since it is perfectly
likely that by virtue of the rapid acceleration (heating) of the particles
the entire plasma near the pulsar or even up to a distance 1, = ¢/Q is
relativistic or ultrarelativistic.

T An analysis of the process of propagation and emergence of radio
emission to the outside of the pulsar’s magnetosphere shows that the
strong linear polarization of the radio emission of the pulsars can be ex-
plained only under conditions when the emergence into the interstellar
medium occurs in the region of a quasitransverse magnetic field. The
detailed character of the polarization and its variation with the momen-
tum can be connected in this case with different relative positions of the
layer in which the transition from the quasitransverse into quasilongi-
tudinal propagation occurs, and the region of the so-called limiting polar-
ization (it was assumed above that the propagation of the radio waves is
determined by the nonrelativistic plasma, if the plasma in the magneto-
sphere is ultrarelativistic, the situation may change somewhat).

tracted to their role in envelopes of supernovast5? 3%
60,78, 81 and acceleration of particles (particularly cos-
mic rays) by and near pulsars, 136, 59, 83-852 ]

Finally, the fact that pulsars emit sharp and further -
more strictly periodic signals (the secular increase of
the period can be taken into account) makes it possible
to use them in astronomy and physics. Incidentally,
some astronomical applications are connected not with
the periodicity of the radiation, but with its polarization,
and also with the pointlike character or position of the
sources on the celestial sphere.

The propagation of radio waves in the interstellar
plasma can be regarded with very good approximation
as ‘‘quasilongitudinal’’;* in addition, the refractive in-
dex n is very close to unity. It can therefore be as-
sumed that

[oH] ne ~ 0}
n=1—35=1-403.107 2%, n¢=1—m{m—e),

' (30)

|r—m ) €| R—1], A=ttt

~ ~ g ¢os 8 14 NeH 058
Na—Ny = —-u—)r——=|2,3-10 5

ln—1] < 1,

where fi_ —fi, is the difference between the refractive
indices for circularly polarized waves with different
directions of rotation of the field vector.

In the interstellar medium the difference |fi_ — fi,|
=< wé wy/w® is very small and must be taken into ac-
count only for such an integral effect (which;further-
more vanishes at H = 0) as Faraday rotation of the
plane of polarization (see below). On the other hand, in
calculations of the phase advance or group delay, the
interstellar plasma can be regarded as isotropic with
an index fi = (fi, + fi.)/2, as indicated in (30); here
(A — 1] = 4.03 x 10" ng/v® £107* for ne < 10° cm™ and
v 2 10" Hz.

The inhomogeneities in the interstellar medium al-
ways satisfy the condition

Ao |d}r/dz|~ﬂ_
2 ;2 2n

i<t (31)

i.e., the change of the index fi over the wavelength A,
=c¢/v is negligibly small. Under such conditions, with
a high degree of accuracy,t85bl the phase shift on the

path R is equal to

R
R Sneds
qxz%jﬁ(w, s)ds 2 R—8,5.10° . (32)
0
The signal group delay time is
R ; J R 1,35-407% § npds
5 ' [
i e D

*In the interstellar medium, the electron concentration is ng ~ 1072~
10% cm™ and the field intensity is H ~ 107~10"% Oe. Therefore we =
(4meng/m)” = 5.64-10%y/ng ~ 5-10%~5.10° sec™? and wH = eH/mc
=1.76-10" H~ 10-100 sec’!, i.e., we > wyy. Under such conditions,
the propagation of the waves can be regarded as quasilongitudinal if
w;{ sin® 8/4w? cos? @ <€ 1 and wlz_l sin2 8/2w? < 1, where 0 is the angle
between the line of sight (the wave vector) and the field H (for details
see [#°], Sec. 11). Consequently, the quasilongitudinal approximation,
even for w = 27v ~ 6 X 107 sec’! (A ~ 30 m), is valid so long as |7/2—6|
> 10 rad ~ 0.2”, i.e., practically always. In the interstellar medium,
we have in formula (30) the value w;wH/w3 <3-1013/w?® < 107! when
w S 6 X 107 Hz. In (30), no account was taken of absorption, since at
frequencies v <107 Hz the absorption is usually sufficiently small.
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From measurements at different frequencies it is pos-
sible to determine Atgr(v)— (R/c), and by the same to-
ken it is possible to determine immediately for the pul-
sars the integral number of electrons on the line of

sight Ng =fR ngds or Ne =R, since the refraction
[+]

is small and the trajectory of the ray can be regarded
as a straight line. The coefficient DM = (€%/27mc*)Ng

= 1.5 x 107> N¢ in the relation Atgr — (R/c) = DM x b
is sometimes called the measure of the dispersion (if
one measures Ng m parsec-cm™ and X in meters,
then DM = 5.8 x 1072 Ng sec-m™; in some articles
the quantity Ng itself is called the measure of the dis-
persion). If account is taken of the change of the distri-
bution of the concentration with time, then the deter-
mined quantity Ne = [neds = [ne (s, tgr)ds, where
ne(s, tgr) is the concentration at the point s at the in-
stant tgr at which the considered pulse passes that
point.

The use of the quantity Ng, obtained from data on the
delay time for pulsars, in conjunction with other infor-
mation, makes it possible to obtain valuable information
on the interstellar medium. Thus, in the galactic plane,
according to [%®), fiy = 0.05 cm™, whereas earlier it was
customary to assume ng =0.1 cm™®. Simultaneously,
measurement of Ng makes it immediately possible to
estimate the distance to the pulsar. We note that the
values of Ng for the known pulsars are La.r§er tha.n or
equal to approximately 3 parsec-cm™ ~ 10%

Therefore Ater — (R/c) 2 1016/11 and the delay of the
pulses at the frequency v ~ 10° Hz compared with pulses
at high frequencies exceeds one second, and for a num-
ber of pulsars it reaches several minutes.

The inhomogeneities of the interstellar medium
should, naturally, lead to fluctuations of the intensity of
the radio emission received on earth from discrete
sources (the picture corresponds to diffraction by a
phase screen, and its time variation is determined
mainly by the dimension of the inhomogeneities and by
the relative velocity of the screen and of the earth). The
possibilities of the corresponding observations were
discussed!® 1 even before the discovery of pulsars, but
they became realistic only with the use of pulsar radia-
tion and are now being carried outt® #a1,  Of course,
some contribution to the fluctuations is made also by
the ‘“corona’’ of the pulsar itself,18-801 and also by
the interplanetary medium. The contribution of the lat-
ter can be excluded relatively reliably or else, to the
contrary, one can use pulsars for the investigation of the
solar supercorona,f#1

The field vector in a linearly polarized wave propa-
gating in the interstellar medium rotates through an an-
gle (see (30) and [* 1)

i R’
n_yds i,'\:.jm \‘

W —;J? S (\II )

" b

$) H (s)cosO(s)ds.  (34)
In place of ¥ one frequently uses the rotation measure

RM, defined as the coefficient in the relation ¥ =RM

x A%, with RM = 8.1 x 10° [neH cos 6 ds rad/m? if ¥ is
measured in radians, A in meters, the distance in par-

secs, ne in cm ™, and H in Oersteds. Measurement of

the angle ¥ thus makes it possible to determine the

quantity [ RneH cos 6 ds. The use of pulsars for this
4]

purpose is particularly valuable, since one measures
simultaneously Ne = [ neds along the same line of
sight, and consequently one determines a certain mean
value of the quantity Hcos § = [neH cosf ds/ [ne ds
along the line of sight (see [2'1), The vicinity (‘‘coro-
na’’) of the pulsar can affect the estimates of H cos 6
for the interstellar medium much more strongly than in
the determination of the average concentration ng (both
quantities, ne and H, increase near the pulsar; in ad-
dition, the quantity H cos 6, unlike ng, can reverse
sign). Allowance for the influence of the vicinity of a
pulsar on the polarization of its radiation calls for a
special analysis; (% "7 %21 the same can be said concern-
ing the influence exerted on the polarization of fluctua-
tions of the quantity neH cos 6 and determinations of
this quantity near the sun (see [% 91), Nonetheless, the
use of pulsars for estimates of the longitudinal compo-
nent H cos 8 of the magnetic field H along the line of
sight, besides the possibility of determining the average
electron density ne and its fluctuations, is among the
most important applications of pulsars for astronomical
research purposes. Pulsars can also be used for needs
of classical astronomy and astrometry.t% %I

When an electromagnetic pulse passes near the sun,
it experiences two closely related effects of general
relativity theory —~deflection and an additional delay
reaching 2 x 107* sec when the ray grazes the solar
disk. By virtue of the latter effect, pulsars located near
the sun on the celestial sphere should experience an an-
nual change in their period.!® %1 The corresponding
observations could serve to verify general relativity
theory, although the use of an artificial planet with a
radio transmitter on board is more promising for this
purpose.

The light pulses emitted by the pulsar NP0532 arrive
on earth simultaneously (accuracy ~ 10™° sec) for a
number of wavelengths in the optical band, for which the
observations were carried out. One can therefore con-
clude that the velocity of light in this band is independent
of the frequency with a high degree of accuracy (Ac/c
< b x 10" see [°71), In the literature!® %81 there are
discussed also certain other possibilities uncovered by
the use of pulsars for the investigation of problems in
astronomy and in physics.

8. CONCLUDING REMARKS

It might be assumed that the entire content of the ar-
ticle has confirmed the statement made at the beginning,
that theoretical notions concerning pulsars and the cor-
responding models are far from complete. At the same
time, progress in the theory of pulsars is undisputed,
and in particular, a number of perfectly concrete prob-
lems and questions calling for theoretical investigation
have already become clear. There is no need to list
these problems and questions here, since they are in
part clarified by the discussion above and, principally,
since I wish to conclude the article with remarks of a
more general character.

The discovery of pulsars is the last of five remark-
able astronomical discoveries made during the past
decade. Other such discoveries of the Sixties were the
observation of quasars, of cosmic x-ray sources (x-ray
stars), thermal residual radiation with temperature



100

2.7 °K, and cosmic masers at the lines of the molecules
OH, H.O, and others. Let me remark that while very
much has been done in physics during the same time,
one can perhaps list only two discoveries of comparable
scale—the proof of the existence of two types of neu-
trinos (muonic and electronic neutrinos) and observation
of the nonconservation of combined parity in weak inter -
actions. In this respect it can be stated that astronomy
has overtaken physics but, of course, this became possi-
ble only as a result of the use of new physical methods
in astronomy (reception of radio waves, detection of x-
rays, etc.). In other words, the flow of astronomical
discoveries is mainly the fruit of the process of conver-
sion of astronomy, which began after the Second World
War, from optical to all-wave. In the next decade this
process will probably in essence terminate.

All this is well known and I wish to emphasize here
something else: none of the new astronomical discov-
eries, insofar as is presently known, has taken us out-
side the already known physical laws, none has made it
necessary to review in any way or to change the founda-
tions of physics. In addition, some of the newly discov-
ered objects and phenomena were predicted long ago
‘¢at the tip of the pen.’’ This pertains, in particular, to
neutron stars.& %1

Thus, no matter how brilliant the progress in as-
tronomy during recent times, it can be stated that this
progress has not yet gone beyond the framework of as-
tronomy and, at least in the opinion of the majority of
astronomers and physicists, has not posed any new fun-
damental problems for physics.

Will the situation remain the same in the future, and,
in general, what discoveries or changes of fundamental
character can be expected in astronomy in the foresee-
able future?

It would be most prudent not to raise this question at
all, since prophets (or, speaking more prosaically, fore-
casters) have one thing in common—all make mistakes
or are at least partly in error.

However, without pretending to any nontrivial pre-
dictions, we can point to several possibilities already
under discussion.*

For the immediate future, we may expect the detec-
tion of neutrinos from the sun. There are also quite
realistic prospects with respect to registration of neu-
trinos produced in supernova bursts (i.e., probably
during the process of formation of neutron stars and,
simultaneously, of pulsars). By the same token, valua-
ble information will be obtained not only of astronomi-
cal character but also pertaining to the region of neu-
trino physics and weak interactions in general,[100; 1011
More remote is the possibility of observing neutrinos
of residual origin, produced during earlier stages of the
evolution for a number of presently discussed cosmo-
logical models.

Thus, one of the trends of the astronomy of tomorrow
is neutrino astronomy.

The notion of gravitational waves (we have in mind,
of course, waves in vacuum) was born more than half a

*We leave aside the question of the origin of the solar system, the
structure of the moon and planets, etc., and also the problem of observ-
ing extraterrestrial life or civilizations.
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century ago together with the appearance of general rel-
ativity theory (a formula for the power of gravitational
radiation was obtained by Einstein in 1908!*23), So far,
however, gravitational waves cannot be regarded as a
having been observed,* mainly because of the very low
sensitivity of the corresponding receivers compared
with receivers for electromagnetic waves, One can as~-
sume, nonetheless, that even in this century we shall
succeed in receiving gravitational radiation from binary
stars and possibly from pulsars (the 30-year period
which we mention should not seem {o be too long, if it

is recognized that gravitational waves have been waiting
to be observed for more than 50 years). The reception
of cosmic gravitational waves will constitute the content
of the ‘“astronomy of gravitational waves’’ and can lead
to unexpected results (such an unexpected result would
be the observation of waves having the power indicated
in the experiments of [%8J; see also [3°1),

Within the framework of general relativity theory,
gravitational waves should be strictly transverse. To
the contrary, in the tensor-scalar theory of the gravi-
tational field,[ %) gravitational waves also have a longi-
tudinal component (parallel to the wave vector). It is
difficult nevertheless to expect the fate of the tensor-
scalar theory to be decided by investigating gravitational
waves. It is much more probable that this will be done
(and furthermore in the nearest future) as a result of a
more accurate measurement of the deflection of light
rays near the sun or measurement of the delay time of
radio signals passing near the sun. b

Most physicists, including the present author, are
deeply convinced of the validity of general theory of
relatively, at least for not too strong gravitational
fields. But there is no doubting the need for further ex-
perimental verification of this theory, even for weak
fields, and the situation here, after the observation of
the oblateness of the sun!'®J has become quite dramatic.
Were it to turn out that general relativity calls for any
supplementation even in weak gravitational fields (with-
in the limits of the solar system), (and concretely,
some scalar gravitational field does exist), then this
would be a scientific event of foremost significance. In
this case, insofar as we are speaking of the use of as-
tronomical measurements, one could indeed say that
astronomy has once more rendered an invaluable ser-
vice to physies.

The probability that the already known physical laws
and theories will turn out to be inaccurate increases as
one goes to ever -increasing space-time scales and to
ever -increasing masses and densities of matter. This
pertains both to general relativity theory and to physics
of elementary particles (concretely, we have in mind
here conservation of the baryon charge and other con-
servation laws).

As is well known, a number of astronomers have al-
ready advanced the hypotheses that the number of bary-
ons is not conserved in the universe (the creation of
matter in stationary cosmology, etc.), that the equations

*If the gravitational-radiation receivers used in [*®] actually register
gravitational waves, then the power of the cosmic gravitational radiation
is colossal, which is little likely. For this reason, and principally because
of the absence of 2 number of control experiments, the question of the
nature of the events observed in [3%] cannot yet be regarded as answered.
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of general relativity theory are violated in strong fields
(for example, in gravitational collapse),’°*] that there
exist supermassive and quite dense but sometimes active
protobodies in stars and especially in the nuclei of gal-
axies [1°5-108 1041 gte Stationary cosmology is at present
practically refuted, but things are far from clear in
other already mentioned cases. The author himself is
an adherent of ‘‘healthy conservatism,’’ i.e., he sees no
grounds for supporting new concepts of fundamental
character until new evidence is offered in their favor.

It seems to me that at the present time there is no such
evidence., But the very problem of searching for new
fundamental concepts and ideas in astronomy (including
cosmology) undoubtedly not only exists but from a cer-
tain point of view is even most interesting. Concrete
forecasts with respect to investigations of such new
paths is, by their very nature, hardly possible.

Are all these remarks justified in an article on pul-
sars? We see such a justification in the fact that all the
mentioned (and in practice, all the known) trends of the
future astronomical researches of fundamental charac-
ter are connected directly or indirectly with neutron
stars, and by the same token with pulsars! In fact, it is
precisely the neutron stars that number among the most
powerful potential sources of cosmic neutrinos and
gravitational waves. Out of all the known stars, relativ-
istic effects are particularly strong for neutron stars
and by the same token the question of the limits of ap-
plicability of general relativity theory has in this case
particularly great significance. Finally, the density of
matter in the central parts of neutron stars is the high-
est of all the known densities for real (and not only hy-
pothetical) objects. Therefore the ““new’’ physics, if it
proves to be necessary, will not bypass neutron stars.

Thus, pulsars are not only at the focus of the interest
of astronomy of the present day, but in all probability
will remain in the center of attention for many years
and even decades.

In preparing and editing the present paper, the author
used advice from many of his colleagues in the U.S.S.R.
and other countries, I am sincerely grateful to all of
them.

Note added in proof. We mention briefly several new investigations.

1. Polarization measurements in the radio band for four pulsars [!%°],
and, apparently, polarization measurements [''°] of optical radiation of
the pulsar NP0532 offer evidence in favor of a model in which the di-
rectivity pattern of the pulsar radiation is of the “pencil” type with an
axis close to the magnetic axis. In [*'?] it is also noted that the differ-
ences between the polarizations and certain other characteristics of the
radiation of NP0532 in the optical and radio regions indicate that the
optical and radio emissions are different in nature (have different mech-
anisms). The last conclusion is sufficiently well founded, but it follows
to no lesser degree already from the general considerations advanced in
Secs. 5 and 6 of the present article.

Concerning the factors that determine the width of the directivity
pattern of pulsar radiation, see the articles [116-'17].

2. We mention articles [!'!112] devoted to the electrodynamics of
the magnetospheres of pulsars, and the article {'3] concerning the dy-
namics of the pulsar with allowance for its nonsphericity.

3. It is advantageous to distinguish between the inner and outer
layers of the solid crust of the pulsar [*4]. In the outer layer there are
practically no free neutrons, but the inner layer is characterized precisely
by the presence of free neutrons. The corresponding boundary lies at
the density p ~ 3 X 10! g/cm3, and with increasing density the number

wlh
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of neutrons, naturally, increases and at a density p ~ 10'* g/cm?3 the
nuclei vanish quite abruptly (in the density scale). The resulting neutron
liquid (with admixtures of proton and electron liquids), as indicated in
Sec. 3 of the present article, is apparently superfluid. It is possible, how-
ever, that neutrons in the internal part of the crust(i.e., at densities
3.101 < p < 10™ or in a somewhat narrower density interval) will also
form a superfluid subsystem.

4. The question of the state of matter and the structure of the outer
layer of the crust closest to the surface of the star remains unclear. In
this region it is necessary, generally speaking, to take into account the
influence of the magnetic field, which can lead to the formation of pe-
culiar molecules and guasipolymer structures [!*5]. In this connection,
the use of the estimate (2) for the melting temperature Ty, near the
surface of the crust is probably not justified. In addition, above the crust
there should apparently be formed a certain thin layer (atmosphere) of
gas or, better stated, a liquid plasma. The characteristics of this layer
(and particularly its chemical composition) are most important from
the point of view of conditions under which plasma escapes from the
star, and by the same token for the understanding of the processes in
the magnetosphere of a neutron star.

CITED LITERATURE*

'A. Hewish, S. J. Bell, J. D. H. Pilkington, P. F.
Scott, and R. A. Collins, Nature 217, 709 (1968).

2J. P. Ostriker, Nature 217, 1227 (1968).

®K. S. Thorne, Comments on Astrophys. and Space
Phys. 1, 12 (1969).

*J. P. Ostriker and J. L. Tassoul, Nature 219, 577
(1968); Ap. J. 155, 987 (1969).

®C. G. Wang, W. K. Rose, and S. L. Schlenker, Ap.
J. (Lett.) 160, L17 (1970).

®A. G. W. Cameron and J. M. Cohen, Astrophys. Lett.
3, 3 (1969); Astrophys. and Space Sci. 6, 228 (1970);
A. G. W. Cameron, Ann. Rev. Astron. and Astrophys. 8,
179 (1970); V. A. Ambartsumyan and G. S. Saakyan, Vo-
prosy kosmogonii 9, 91 (1963).

"T. Gold, Nature 218, 731 (1968); 221, 25 (1969).

®a) V. L. Ginzburg, Dokl. Akad. Nauk SSSR 156, 43
(1964) [Sov. Phys.-Doklady 9, 329 (1964)]; V. L. Ginz-
burg and L. M. Ozernoi, Zh. Eksp. Teor. Fiz. 47, 1030
(1964) [Sov. Phys.-JETP 20, 689 (1965)]; L. M. Ozernoy,
Highlights of Astronomy, Ed. L. Perek, Dordrecht-
Holland, 1968, p. 384; L. M. Ozernoi and V. E. Cherto-
prud, Astron. Zh. 46, 940 (1969) [Sov. Astron.-AJ 18,
738 (1970)]; b) P. Morrison, Ap. J. (Lett.) 157, L73
(1969).

°D. Layzer, Nature 220, 247 (1968).

“F. Hoyle and J. Narlikar, Nature 218, 123 (1968).

E, R. Harrison, Nature 225, 44 (1970).

2w. D. Arnett, Nature 222, 359 (1969); A. G. W.
Cameron, Comments on Astrophys. and Space Phys. 1,
172 (1969).

B1.. Woltjer, Ap. J. 140, 1309 (1964).

“F. Pacini, Nature 216, 567 (1967).

M. Ruderman, Nature 218, 1128 (1968); Report 6/69,
New York University, Department of Physics (1969).

¥ J, Nemeth and D. W. L, Sprung, Phys. Rev. 176,
1496 (1968).

*The bibliography given here makes no pretense to completeness. A
report prepared for the Fourteenth General Assembly of the IAU (S.P.
Maran, IAU Draft Reports: Commission 40) contains 100 citations and
indicates that about 300 articles had been devoted to pulsars as of Sep-
tember 1, 1969; by August of 1970, this number had probably reached
500.



102

¥V. L. Ginzburg and D, A, Kirzhnits, Zh. Eksp. Teor.
Fiz. 47, 2006 (1964) [Sov. Phys.-JETP 20, 1346 (1965)].
V. L. Ginzburg, Usp. Fiz. Nauk 97, 601 (1969) [Sov.
Phys.-Usp. 12, 241 (1969)].

%A, B. Mlgdal Zh, Eksp. Teor. Fiz. 37, 249 (1959)
{Sov. Phys.-TETP 10, 176 (1960)].

“R. A. Wolf, Ap. J. 145, 834 (1966).

2 G. Baym, C. Pethick, and D. Pines, Nature 224, 673
(1969).

21N, Itoh, Progr. Theor. Phys. 42, 1478 (1969).

2ZM. Hoffberg, A. E. Glassgold, R. W, Richardson,
and M. Ruderman, Phys. Rev. Lett. 24, 775 (1970).

#J. M. Pearson and G. Saunier, Phys. Rev. Lett. 24,
325 (1970).

V. Canuto, H. Y. Chiu, C. Chiuderi, and H. J. Lee,
Nature 225, 47 (1970).

% A. Solinger, Preprint (1969).

% G. Baym, C. Pethick, and D, Pines, Nature 224, 674
(1969).

#a) J. E. Gunn and J. P, Ostriker, Ap. J. 160, 979
(1970); Nature 223, 813 (1969). b) G. Setti and L. Wolt-
jer, Ap. J. (Lett.) 159, L87 (1970).

#M. Ruderman, Nature 223, 597 (1969); R. Smolu-
chowski, Phys. Rev. Lett. 24, 923 (1970).

®F. 7. Dyson, Comment on Astrophys. and Space. Phys
Phys. 1, 198 (1969).

% G. Baym, C. Pethick, D. Pines, and M. Ruderman,
Nature 222, 872 (1969).

$1p. Sutherland, G. Baym, C. Pethick, and D. Pines,
Nature 225, 353 (1970).

%M. Ruderman, Nature 225, 619 (1970).

¥ F. C. Michel, Ap. J. (Lett.) 159, 125 (1970).

*a) M. Ruderman, Nature 225, 838 (1970) b) V. F.
Shvartsman, Astron. tsirk. No. 563 (1970). ¢) G. S.
Bisnovatyi-Kogan, Astron. tsirk. No. 529 (1970).

5 A. J. Deutsch, Ann. d’Astrophys. 18, 1 (1955).

% J. P. Ostriker and J. E. Gunn, Ap. J, 157, 1395
(1969).

*H. J. Melosh, Nature 224, 781 (1969).

%8 J. Weber, Phys. Rev. Lett. 22, 1320 (1969); 24, 276
(1970).

V. B. Braginskii and V. N. Rudenko, Usp. Fiz. Nauk
100 395 (1970) [Sov. Phys.-Usp. 13, 165 (1970)].

W, M. Fairbank, private communication (1969).

*!A. Cavaliere and F. Pacini, Ap. J. (Lett.) 169, L21
(1970).

P, Goldreich and W, H. Julian, Ap. J. 157, 869
(1969).

®F. C. Michel, Phys. Rev. Lett. 23, 247 (1969); Ap. J
158, 727 (1969).

* L. Davis, Phys. Rev. 72, 632 (1947).

% L. Mestel, Mon. Not. 140, 177 (1968); 149, 197
(1970).

“ F. Occhionero and M. Demianski, Phys. Rev. Lett.
23, 1128 (1969).

% y. F. Shvartsman, Radiofizika 13, 1852 (1970).

V. L. Ginzburg, V. V. Zheleznyakov, and V. V.
Zaitsev, Usp. Fiz. Nauk 98, 201 (1969) [Sov. Phys.-Usp.
12, 378 (1969)]; Nature 220, 355 (1968); 222, 230 (1969).

“*vy. L. Ginzburg, Rasprostranenie élektromagmtnykh
voln v plazme (Propagation of electromagnetic waves in
plasma), Nauka, 1967,

%0y. P. Dokuchaev, Astrofizika 6, 471 (1970).

V. L. GINZBURG

*1F, C. Michel and H. C. Goldwire, Astrophys. Lett.
5, 21 (1970).

%22) L. Davis and M. Goldstein, Ap. J. (Lett.) 159,
L81 (1970). b) P. Goldreich, Ap, J. (Lett.) 160, L11
(1970).

%Y. L. Ginzburg, Zh. Eksp. Teor. Fiz. 13, 33 (1943);
Phys. Rev. 63, 1 (1943); Trudy FIAN 3, (2) 195 (1946).

**E. B6hm-Vitense, Ap. J. (Lett.) 1566, L131 (1969).

SE. J. Wampler, J. D. Scargle, and J. S. Miller,

Ap. J. (Lett,) 157, L1 (1969).

*$G. W. Preston, Ap. J. 150, 547 (1967); J. D. Land-
street, Ap. J. 159, 1001 (1970).

3. H, Piddington, Nature 222, 965 (1969).

8 F. Pacini, Neutron Stars, Pulsar Radiation and Su-
pernova Remnants, Preprint (1970). B. Bertotti,

A, Cavaliere, and F. Pacini, Nature 223, 1351 (1969).

V. L. Ginzburg, Comments on Astrophys. and Space
Phys. 1, 207 (1969),

9 J. D. Scargle and E. A, Harlan, Ap. J. (Lett.) 159,
L1143 (1970).

®'v. L. Ginzburg and V. V. Zheleznyakov, Usp. Fiz.
Nauk 99, 514, 524 (1969) [Sov, Phys.-Usp. 12, 800, 807
(1970)]

V. L. Ginzburg and V. V. Zheleznyakov, Comments
on Astrophys. and Space Phys. 2, 167, 197 (1970).

® V. L. Ginzburg and S. L. Syrovatsldi, Ann. Rev. As-
tron, Astrophys. 7, 375 (1969); cf. also Usp, Fiz. Nauk
94 63 (1968) {Sov. Phys.-Usp. 11, 34 (1968)]. ‘

**V. V. Zheleznyakov, Radioizluchenie Solntsa i planet
(Radio Emission of the Sun and Planets), Nauka, 1964,

%S, A. Kaplan and V. N. Tsitovich, Usp. Fiz. Nauk
97 77 (1969) [Sov. Phys.-Usp, 12, 42 (1969)].

% V. L. Ginzburg, Usp. Fiz. Nauk 69, 537 (1959) [Sov.
Phys.-Usp. 2, 874 (1960)].

v. L. szburg and S. I. Syrovatskii, Usp. Fiz. Nauk
87, 65 (1965) [Sov. Phys.-Usp. 8, 674 (1966)].

68H. Y. Chiu and V. Canuto, Phys. Rev. Lett, 22, 415
(1969); Nature 221, 529; 223, 1113 (1969).

®M. D. Papagiannis, Nature 222, 1261 (1969).

V. Radhakrishnan and D, J. Cooke, Astrophys. Lett.
3, 225 (1969).

1. 8. Shklovskii, Usp. Fiz. Nauk 99, 526 (1969) [Sov.
Phys -Usp. 12, 808 (1970)].

K. M. V. Apparao and J. Hoffman, Astrophys. Lett.
5, 25 (1970).

"a) S. A. Kaplan and V, N, Tsytovich, Symposium
Report (Rome, Dec. 1969) and Preprint (1970).

b) S. Ichimaru, Nature 226, 731 (1970).

1. S. Shklovsky, Nature 225, 251 (1970); Ap. J. (Lett.)
159, L77 (1970); cf. also Ap. J, (Lett.) 161, 1.63 (1970),

"*G. G. Getmantsev and V. L. Ginzburg, Dokl. Akad.
Nauk SSSR 87, 187 (1952).

M. M. Komesaroff, Nature 225, 612 (1970), D. Mor-
ris, U. J. Schwarz, and D. J. Cooke, Astrophys. Lett. 5,
181 (1970).

"a) V. V. Zheleznyakov, Radiofizika 13, 1842 (1970);
b) F. D. Drake and H. D. Craft, Nature 220, 231 (1968).
J. H. Taylor, M. Jura, and G. R. Huguenin, Nature 223,
797 (1969). V. V. Vitkevich and Yu. P. Shitov, Nature
225, 248 (1970), J. M. Sutton, D. H. Staelin, R. M. Price,
and R. Weimer, Ap. J. (Lett.) 159, L89 (1970).

783. S. Holt and R. Ramaty, Astrophys. Lett. 5, 89
(1970).




PULSARS 103

R. Lynds, Ap. J. (Lett.) 157, L11 (1969).

® 7. L. Greenstein, private communication, 1970.

81w, Baade and F. Zwicky, Proc. Nat. Acad. Sci.
Amer. 20, 259 (1934).

®#w. H. Tucker, Nature 223, 250 (1969).

- 873, P. Ostriker, Proc. 11th Intern. Conf. on Cosmic

Rays, Budapest, 1970.

%K. M. V. Apparao and T. N. Rengarajan, Pulsars
and Cosmic Rays, Preprint (1969).

%a) J. B. Pollack and B. S. P, Shen, Phys. Rev. Lett,

23, 1358 (1969). b) V. L. Ginzburg and L. M. Erukhi-
mov, Astrophys. and Space Sci, (1971) (in press).

®A. J. R. Prentice and D. ter Haar, Mon, Not. 148,
423 (1969).

¥ V. L. Ginzburg, Dokl. Akad. Nauk SSSR 109, 61
(1956) [Sov. Phys.-Doklady 1, 403 (1957)]; V. V. Pisa-
reva, Astron. Zh. 35, 112 (1958) [Sov. Astron.-AJ 2,
97 (1958)].

8 1. M, Erukhimov and V. V. Pisareva, Astron. tsirk,

No. 489 (1968); Radiofizika 12, 900 (1969); L. M. Eru-
khimov, Astron. tsirk. No. 513 (1969),

®4) P. A. G. Scheuer, Nature 218, 970 (1968), E. E.
Salpeter, Nature 221, 31 (1969), B. J. Rickett, Nature
221, 158 (1969). K. R. Lang, Science 166, 1401 (1969),
b) A. D, Code, Ap. J. (Lett.) 159, L.29 (1970).

% J. V. Holweg, Nature 220, 771 (1968). S. J. Gold-
stein and D. D. Meisel, Nature 224, 349 (1969).

Ly, G. Smith, Nature 218, 325; 220, 891 (1968). R. D.

Ekers, J. Lequeux, A. T. Moffet and G. A, Seielstad,
Ap. J. (Lett.) 156, 121 (1969). D. H, Staelin and E. C.
Reifenstein, Ap. J. (Lett.) 156, L121 (1969).

°2N. A. Lotova, Astron. Zh. 46, 1165 (1969) [Sov.
Astron.-AJ 13, 828 (1970)].

%y, L. Ginzburg and V. V, Pisareva, Radiofizika 6,
877 (1963). V. L. Ginzburg, Radiofizika 3, 341 (1960).
#(C. C. Counselman and I. I. Shapiro, Science 162,

352 (1968).

%D, Ya. Martynov, Astron, tsirk. No. 512, 513 (1969).

S. P, Maran and H, Ogelman, Nature 224, 349 (1969),
J. Pfleiderer, Nature 225, 437 (1970).

* J. P. Richard, Phys. Rev. Lett. 21, 1483 (1968).

%" B. Warner and R. E. Nather, Nature 222, 157 (1969).

.G, Feinberg, Science 166, 879 (1969).

L. D, Landau, Nature 141, 333 (1938).

™ya. B. Zeldovich, Comments on Astrophys. and
Space Phys. 2, 12 (1970).

°lp. B. Stothers, Phys. Rev. Lett. 24, 538 (1970).

92 A, Einstein, Sitzungsber. preuss. Akad. Wiss. 1,
154 (1918).

“R. H. Dicke, Phys. Rev. 125, 2163 (1962); Ap. J.
159, 1 (1970). ‘

¢ F, Hoyle, Mon. Not. 108, 372 (1948); 109, 365 (1949);
Quart. J.R.A.S. 10, 10 (1969); F. Hoyle and J. V. Narli-
kar, Proc. Roy. Soc. 272, 4 (1963); 294, 138 (1966).

w7y, Jeans, Astronomy and Cosmogony, Cambridge,
Cambridge University Press, 1928, p. 352.

Wy, Ambartsumian, The Structure and Evolution of
Galaxies (Proc. 13 Solvay Conference on Physics), New
York, Intersci. Publ, 1965, p. 1,

7 G. B. Burbidge, Ap. J. (Lett.) 159, L105 (1970).

Y8 g, J. Low, Ap. J. (Lett.) 159, L173 (1970).

% R. N. Manchester, Nature 228, 264 (1970).

0w, J. Cocke, M. J. Disney, G. W. Muncaster, and
T. Gehrels, Nature 227, 1327 (1970).

11y, G. Endean and J. E. Allen, Nature 228, 348
(1970).

2y, C. Michel, Comments on Astrophys. and Space
Phys. 2, 227 (1970).

8 3. A. Burns, Nature 228, 986 (1970).

D, Pines, Preprint, Nordita (1970).

% B, B. Kadomtsev, Usp. Fiz. Nauk 104, 335 (1971)
[Sov. Phys.-Usp. 14, No. 3 (1971)]; cf. also R. Cohen,
J. Lodenquai, and M. Ruderman, Phys. Rev, Lett, 149,
1 (1970).

Y5 F. G. Smith, Nature 228, 913 (1970); Mon. Not. 149,
1 (1970).

"y, V. Zheleznyakov, Astrophys. and Space Sei.
(1971) (in press).

Translated by J. G. Adashko



