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Chdpter XII - Pulsating Radio Sources {(Pulsars)

Unlike the quasi-stellar objects whose baffling nature was
only revealed step-by-step as their story unfolded gradually over
2 period of several years pulsating radio sources (pulsars for
short) appeared on the scene as a strange and completely new
class of object right from the outset. Their discovery was

announced by radicastrono=mers of the Mullard Radio Astronomy

Observatory at Casbridge England in a single letter to the editor 1

of the English scientific weekly "Nature" on 24th February 13968, and so
great has basen the interest aroused by these unusual objects that |
they have been featured in practically every subsequent issue of \
"dature” for at least the ensuing twelve months,

Ths remarkable characteristic of pulsars which led to their
discovery is their emission of pulses of radio frequency energy
of duration only a few hundredths of a second with clock-like
precision at intervals of around one second, and thelr detection
was 2 triumph for the giant radio telescope (consisting of an
array of 2048 dipoles arranged in sixteen rows each of 128
elsments) which began operation at Cambridge in July 1967, As
we saw in Chapter 3 radio astronomers radio receivers in which
it is customary to integrate the signals for lengthy periods as |
a means of improving the ratio of signal to noise: provided the 1
"wnntgd" siznal is relatively steady this practice results in |
a much-needed increase in sensitivity, The new Cambridge aerial
nowever was designed to study the structure of radic sources by
observing the rapid variations in signal strenpth, or scintillations
which are due to moving plasma clouds in the interplanetary medium. E
its receiver and recording equipment were accordingly designed to '
have a very short time-constant so that they would respond to I
rapidly varying signals and it was this factor in particular
which made possible the detection of pulsating signals which
could have been blurred togsther - and their novel characteristic
lost - in nost conventional radio astronomy recelvers. As soon
as the discovery was announced these "radio clocks"™ in the skles,

continuously beaming "pips” at us with such remarkable regularity,
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wera inevitably seized upon by the popular press as evidence
.of civilizations on cothar planets endeavouring to attract our
attention. We shall see below, however, that this interesting
possibility can easily be ruled out on 2 number of grounds.

The initial detsction was made durlng a new survey of
the sky between declinations 8° south and 44° north, this area
aay being scanned regularly once 8 week, ot long after ob-
servations bLegan it was noticed that signals which had the
appearance of weak speradic interfersnce sometizes appeared,
and slways at the sama deaclination and right asconsions i.e.
they could not be of terrsstrial origin. Systematic study
of these sigﬂhls soon showed that they consisted of short
pulses of asbout one third of a sescond’s duration and that
they came in groups spaced from each other very accurately at
a repetition period of about 1.33 seconds. (Observations over
a longer period showsd that the repetition rate was remarkably
constant, to better than 1 part in 187, although thore was a8
systematic variation which appearad to be due to the Zarth's
=motion in its orbiz. The possibility that the signals might
iandeed be mﬁnmado transmissions from space p;obas. from radars
used for planetary studles, or from reflectlion of terrestrial
signals from the Moon (sometimes =z source of interfarence in
radioastronony observations) wors ruled out bacause the absence
of any parsllax i.e. spparent movezsnt of the source due to
the Earth's motion indicates that the source lies far outside
the solar systo=. And so Hewish and his colleaguss, convinced
that this object was extraterrestrial announced to the world
the discovery of yet another totally unexpected kind of celestial
bedy - with a hint that there were at least thrae other such
objects. For sore time these four pulsating sources, designated

CP 0834, CP 0950, CP 1133, and CP 1919* (the last named being

#The prafixed letters CP stand for Cambridge Pulsar and the fipures
the hours and minutes of right ascension, Later discoveries were
siailarly designatad by lotters siznifying the observatory which
discovered them e,.n, AP Arecibo, 1P » J? Jodrell Bank,

P Molonglo, XP o . The later and -
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FOOTNOTE {contd)

preferred designation is PSR (Pulsar) followed by the hours
and minutes of right ascension then sign end dax degroes of

declination, {as used for all sources).
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the firsz m to bas located) stood alone but as many of the
.«orld's largast tolescopes took up the chase mora were discovered.
In Australia the mile-long arss of the Molonglo Cross proved to
ba well suitad to the detection of pulsars and this instrument
has a total of fourteen pulsars to its credit, more than one
third of the total located by April, 1969, he 210-foot
reflector at Parkes, with its asbility to track objects across
the sky for long periods, has also been active in precise detear-
minations of the freaquency at which some of them pulsate: the
first detailed measurements of the polarization of individual
pulses wers also made at Parkes. Characteristics of the 37

pulsars known so far (April 1969) are listed in Table 1.

The Radio Frequency Enissions

Ths signals xmexkxxx recaived from all the pulsating sources
consist of series of pulses separatad by a period which, except
for several pulsars, is constant te 1 part . in 107, or hotter.
The pulses vary in duration for different pulsars from 2 to 200
=111iseconds, and have a characteristic shape for each source.

In many cases this is a combination of two o; mors subpulses

of unequal amplitude, and for several there is evidence of a
small pulse in the interval betwesn the maln pulses. Fig. 1

is 2 section of a chart record taken at Parkes of the first
pulsar to be discovered CP 1912, The gradual increase in
amplitude of the pulses over a period of about one minute fol-
lowed by a gradual decline Is typical of the behaviour of this
sourcs: the signal is zxmzsmt also present but at greatly re-
duced strength in the interval between the trains of stronger
pulses. For other pulsars the pattern =ay be guite different
and the intensity can remain almost coastant for from 30 to 100
pulsss, as for PSR 1833-45, or vary by a factor of 10 to 1 from
one pulse to the next, as for example, for CP 0950+08 or CP 1133+16,
Mo regularity has baesn detected in the periodicity of the fading,
which cannot be ascrihed to absorption or scatterinz by clouds

of electrons in interstellar space. As the Earth follows its
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Table 1
. Characteristics of Xnown Pulsars
(as at April 196%)

Designation B.A. Dec. Feriod Pulse %idth Distance
h.m 8 ot {sec) msec (pc)
HP D031-07 00 31 37 «07 0,940 25 60
CP 0329+54 03 29 07 54 25 0,714513603 6 134
MP 0450-~18 04 56 22 -18 0.548 20 125
NP 0526421 0% 26 10 21 58 3.745491 200 255
NP D0531+21 a5 31 3) 21 53 0,0330%4515 3 285
P3R 0623-28 08 23 53 -28 33 1,244 59 50
WP 0736-40 07 36 51 ~-40 0,375 40 . 1 500
CP 030B+74 28 08§ 538 74 38 «292241325 45 30
AP (823+26 08 23 52 26 43 0,53062 20 96
PSR 0333-45 08 33 33 -45 00 0.039208370 2 315
CP 05334+06 08 34 27 06 19 1,273763151 35 64
MP 0835-40 08 35 34 -40 9,745 20 600
PSR $304+77 0% 04 77 42 1,57905 <80
MP 0340-56 09 40 40 -~56 0,662 39 725
PP 0343408 09 43 De 1.09 85
CP 02350+08 09 50 31 08 10 0,253585037 13 15
MP 0533-56 0% 59 51 =56 1.438 50 450
CP 1133+16 1135 27 156 563 1,1879109080 38 24
AP 1237423 12 37 17 25 10 1.3824 60 42
MP 1243-64 12 40 20 -64 0.388 60 1199
MP 14256-66 14 26 35 -066 0.788 19 300
MP 1449-65 14 49 22 -65 0,130 5 450
PSR 1451-68 14 51 23 -68 32 0,264 25 50
HP 1537455 15 07 50 55 41 0,739677616 13 98
MP 1232-53 15 30 23 -53 1,372 25 100
AP 1331+035 15 41 10 09 38 0,743392 50 175
PSR 1542-03 16 42 25 -03 00 0,337685 5 200
MP 1727-50 17 27 §0. -850 0,335 39 700
MP 1747-43 17 47 56 =48 0,742 20 200
PSR 1749-23 17 49 4% -23 05 0.5625533 & 254
MP 1318-05 183 18 14 -05 0.597 20 350
CP 1319221 19 19 37 21 47 1.337301109 32 63
PSR 192910 1% 29 52 10 33 0,225576 10 40
JP 1533+16 19 33 10 16 06 0,358764 § 7158
AP 2015+28 20 15 58 28 31 0.557954 10 o
PSR 2045-16 20 45 48 -16 28 1.9613639 490 57
PSR 2218+47 22 18 18 47 30 0.538461 <30 219

NOTE: TWhere the pericd is given by more than 6 significant figures

it has been corrected to the barycentrs of the solar system, otherwise
to the Sun only: where 5 or few significant figures are given no
boppler corrections have been made, Pistances quoted are derived
from dispersion measurements, assuning an electron density of

9.2 per cas. Pulss widths are full widths m at half intensity, and
are indicative only because the profiles way vary from pulss to pulse

and source to source.
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path around the Sun it will pass in and out of "shadows” due to
Qxase elsctron clouds but simultsnaous measurements =made in

Australia at Parkes and Culgoora 220 miles apart showed that
the fading occurred simultaneously at both sites, Soms at least
of the variations in pulse snmplitude which occur must thus be
associated with the pulsar itself, and not with the intervening
mediuvn,

The fact that the radio emisslon from pulsars is polarized
was § first shown by using techniques vhich involved averaging
a2 number of individual pulses, fadhakrishnan snd his colleagues
2t Parkes were the first to report 2 high degree of linear polar-
ization in the imndividual pulses, using the 213-foot radio
talescope to study the pulsar PSR 0833-45., Thoy found that this
source (which 1s associated with the Vels supernova) is remarkable
not only for its very short pulses and high and almost constant
iatensity, but that the pulses are almost one hundred per cont
linearly polarized. They found, too, that the direction of
polarization sweeps smoothly through almost a right angle during
sach pulse: as we shall sse below thess observations provide
stronz support for tha idea that the source is a rotating neutron
5Tar.

One pulsar at least is known to emit 1light flashes which
closely match the radio pulses, and the same puisar is also a

sourcs of X-ray pulses. These are descridbed more fully belew,

Pulse Shspe and Duration

Pulse profiles are cbtained by superposing 2nd averaging a2
large nusber of pulses, The avserage shespes for the original
four pulsars CP 0834, 0939, 1133 and 1919 as recordad by the
250-foot radio telescope at Jodrell Bank are given in Fig, 2.
These were recorded at a wavelenzgth of 75 ¢ms, The overall
pulse durations vary, for 2 diffarent pulsars, over thexzaxx
range from 2 to 200 milliseconds but ars remarkably constant

for each source: for some the observed profile is clearly the
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rosult of two or more individual componsnts of much shorter
qration. The characteristic double pulse of PSR
rocorded at frequencies of 630 and 2650 Milz is shown in Fig. 3.
In this illustration, to facilitats ce=parison of the profiles,
the zoros of the tinms scales hava been displaced by 113 =milli-
seconds, the pulses at 630 Mz being delayed by this emount due
to retardation in the intervening nedium, as explained below.
In general the avsrags profile appears to he effectively independent
of froguency, but there are several pulsars (£ax see for example
Fiz., 4) for which this is not the case.

Tho short duration of the pulses indicates that tha size
of the regions responsibla for the radio frequency erissions must
b2 very small by stellar standards, if we assume that the speed
of traval of the disturbance which causes the emissions cannot
excead that of 1light, For an averape pulsar emitting a 30
=illisecond pulse the most distent edge of the source cannot be
more than 030 times the velocity of light (i.e. 10,000 km) further
zway than the nearer edge, This is a good deal smaller than the Xax
Earth, end for ths scurces where the observed profile is & blend
af several shorter pulsss then the region producing the radio

smissions must be comparable in size to the Moon.

Frequency of Pulsations

The period of the pulsations can be determined with very
high precisloh by counting the total time eolapsad for a large
nuzber of pulses, By tracking a source for several hours the
neriod can ecasily be determined with 2 precision of 1 part in a
million. This is sufficient to allow the counting of pulses
to be resumed on successive days, and if this is continued for
a week tha accuracy is ilncreased to 1 part in Z_x 10 while
with a year's counting a precision of almost 1 part in 1010 is
attainable., To arrive at the period of the pulsations at the
source the apparent psriod darived by counting pulses must be

corrected for the Doppler shifts introduced by the Earth's rmotion:
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more pulses ars raceived per second when the Earth is travelling
‘!Lnarally towards the pulsar and fewar when, six months later,
we are wmoving in the opposite direction. Ths Doppler effect
can cause the apparsnt period to be in error by as much as 1 part
in 10‘, an amount which is easily detectable after only am hour
or two of observing. The fact that the pericd of tha pulsations
i3 constant when referred to the barycentre of the solar system
(se-'Fig. 5) provides conclusive evidencs that the pulsars cannot
be space pulses or the like and nmust 1is well outside the solar
systen,
The period of the pulsations varies over a wide range, the
most rapid being an interesting source within the Crad Nebula,
HP 0531421, which pulses approximately 30 times a sescond, while
ths slowest NP 03526+21 takes 3,7 ssconds to complete its cycle,
The first four Cambridgze pulsars appeared to be remarkably stable
ia frequency but observations over longer periods show that
they are, in fact, slowing down. The source with easily the
groatest variation is again NP 0531221 in the Crab Nebula, whose
zperiod is lengthening by as much as 1 part in 2400 per year.
The rate of slowing down appears to be related to the pulse
iength and to the period which as we shall see balow is consistent
with Gold's hypcthesis that pulsars are rotating nesutron stars,
on this theory those with the shertest pulse length ars the
voungest and subject to the greatest bLraking forces so they have

the largest rate of change,

Distance

He saw above that the sbsence of any apparent movezent of
the pulsars dus to parallax places them at a distance of at
ieast one thousand times that of the Sun, Another estimate of
the distance, in this case an upper 1imit, can be obtained from
the observed delay in the time of arrival of a pulse with wave-
length - pulses at a wavslength of 3 1/2 metres arrive mors than
7 seconds later than the corresponding pulse at 10 cms, (See

Figure 6,) This delay is due to the fact that 1npulsivo'
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adiation is dispersed or retardesd during its passage through
Qo ionized hydrogsen which is present in the interstsllar medium,
the retardation being a function of the wavelength and the total
x nusber of electrons in the path. The observed pulse delays
ars coasistent with a virtually simultaneous origin of all
wavelengths at the source and subsequent retardation in inter-
vening space, 50 they can provide an estimate of the total

2 between us and

19

number of electrons in a column of section 1 =
the pulsar.. A typical figure comes out to be arouad 2 x 10

2

_plectrons per cm” column, The electron demsity in the nsighbour-

hood of the solar system is Xnown to be in the range 0.1 to 0.2

slectrons per ens

so 1f all the delay occurs in the interstellar
Eediuu the leagth of the coluamn, i.e. the distance to the sourcs,
can be determined, For CP 1919, assuming an electron density

of 0:s2 eloctron/cn3

, this distance curves out to be about
iight years. Cur nearest stellar neighbour, a Centauri, the
brighter of the two pointers to the Southern Cross, is 4.2 light
years away and the centre of the Calaxy is 30,000 light years
distant so the pulsars though not immedizte naighbours are
relatively local on a galactic scals, They are confined largely
to the plane of the Hilky Way, == as can be seen from PFig. 7 which
shows thelr distribution in galactic coordinates,

fho diszances derived in this way may well be in error by
= factor of two or three, but thers is little doubt that the
=gronger pul;;rs ars relatively near to us, [H-line absorption
has been detected in the spectra of several pulsars and leads
to distance estimates which appear to be somewhat greater than
but in broad agroement with those derived from dispersion measures,
Daspite the fact that the positions of a number of pulsars are
known to better than 1 secend of arc attempts to ldentify thelr
optical counterparts have not met with success, partly perhaps
because most of them lis in crowded starfields of the Milky Way,
In the case of the first Cambridge pulsar to be detected, CP 1919,

two faint stars are located close to the radio position; neither
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rars to havs any unusual propertiss and the juxtapo sition may
b4

3 purely one of chancas,

The First Light Pulsar

In the search for identifications many attompts were made -
accompanisd by several false alarms - to dotect optical flashes
from the positiona of the stronger pulsars, Success finalli
came to astronomers at the Steward Observatory of the University
of Arizona and the pulsar concernsd none othsr than NP 053121
which had already been found to be outstanding for its short
pulse length and sheort pariod. Optical flashes from it wers
first picked up on January 15 and 16 1969, See Pig. 8. Their
period was 33,095 milliseconds and they closely matched the radio
pulses, even to the extent of having an occasional secondary pulse
4 milliseconds wide between the main pulses. The light flashes
at nmaximum brightness wers about 15th magnitude, and the avesraged
brightness zbout 18th magnitude, suggesting that all the light
came during the flashes and nothing in between. {This appears
_t5 be the case also for the radio emissions). Bacause of the
known assoclation of NP 0531+21 with the Crab supernova several
attempts have been made, but without success, to detect light
sulses from the pulsar PSR 0833-45 which is also assoclated with
s supérnava (in Vela).

Even more recently the Crab pulsar has added further to
its uniquenesi by its identification as a source of X-ray pulses.
Rocket and ballcon flights of the past few years have sstablished
she axistence of several X-ray sources in the skies which include
the Crab Nebula. Friedmann of the 1U.S. Naval Reseoarch
Laboratory reported the discovery of X-ray pulses froa the Cradb
from records taken on an Asrobee rocket flight on 13th March
1969, and the pulse shape and period were confirmed as identical
with the radio and optical flashes of NP 0531+21 froa records
taken on a high altitude balloon flight in 1957 by a group from
Rice University. There can be no doubt that this pulsar thus

gives rise to pulses of essentially identical form over & very
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wide range of wavelengths. Pig. 9 shows the X-ray pulse shape

.ots) superinposad on the optical pulse,

Ensrgy in the Pulses

The radio emission from the pulsating sources, as for most
other sources, decreases rapidly with wavelength but the exact
spectrum is difficult to determins because the amplituds of a
pulse over s wide range of wavelsngths is highly variabls,
presumably due to propagation through an irregular ne&iun. On
a long term averags the energy is a maximum in the range
100-200 Mz with a slow cut-off at lower frequencies and a sharp
cut-off above about 1 Giz. The pulss amplitude dscrsases by
a factor of azbout ons thousand in the range from 100 to 5000 Miz,

A representative value for the maxizum amplitude of the

pulses is 100 flux units, which represents a power flux of 10'24

watts per square metre psr unit bandwidth, or 10‘16 watts per
square netre in a band 100 Miz wide. 1£f the pulsar is situated
at a distance of 200 light years and is radiating uniformly ia

1

211 directions ths pesk power radiated is about 102 watts,

The total elsctrical power output of all the generating stations

oa Barth is of the ordsr 1012

watts, an insignificant fracticn
of that put out by the average pulsar. This provides strong
asvidencs that the pulses do not = represent the efforts of other
civilizations endeavouring to communicats with us, since it is
scarcely conceivable that even the most advanced forms of 1life
could be expected to produce, link up and control 2 thousand

million times the power output of our entire gixm planet.

The Nature of Pulsars

It is clear from the clock-like regularity of the pulsed
suzissions, and the fact that they are slowing down at an extremely
slow rate, that tho originating body must be very massive. On
the other hand the extrema sharpness of the pulses indicates that
the source must be of small dimensions - for many pulsars a

good deal smaller than the Barth. This combination of large
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mass in 2 small volume inplies that they must be very ggﬂiﬂ.

. Bofore the discovery of pulsars the denssst objects known
were stars in their senile "white dwarf" stage. At this stags

in their evolution thoy are likely to be snaller than the Earth
but enormously nore dense: with their fuel supplies almost
exhausted, and thus no radiation pressure to support their outer
shells, their interiors are compressed by gravity forces to such

a degres that a matchbox full would weigh some 50 tons. The
first white dwarf was discovered in 1562: it is s companion to the
bright star Sirlus and its presence was ravealed by the irregular-
ities it caused to the obsasrved position of Sirius, lewish and
his colleagues,.who discovered the first pulsars, suggssted that
the oxtreme rogularity of ths pulses called for an origin in

torms of the pulsation of an entire star, but realised that

radial pulsations of white dwarfs (with a minisum fundamental period
of about 8 seconds) could not reproduce the observed performance
of the pulsars. Thoy noted an earlier suggestion that the

radial pulsation of neutron stars may play an important part in
supsrnovae phenomena, and pointed out that in stars at this more
-advancad stags of collapss dansities might roaéh the fantastic
figure of 1013 gn/cn3 (50 million tons for a matchbox full) and
oscillstory perlods down to a fractionm of a second. Heutron
stars reopreosent the ultimate in packaging, when the elactrons

ars stripped from the nuclsi and the whole star consists of
asutrons squeezsd togethsr into ons huge atomic nuclous,

#4hat is now generally accepted as the most satisfactory model
for the pulsars was put faxxxaxd forward by T. Gold of Cornell
University, namely of a neutron star spinning at high speed in
which the machanis» and precise tizing of the pulses is due to
the rotation. He was able to predict that pulsars of shorter
pariod than thoss known at that time (period sbout 1 second) would
be observed (becauss rotation periods down to a2 few milliseconds
might ba expected for such stars) and also that a gradual

lengthening of the peried should occur as the rotation slowed down.
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Thore should thus be a correlation batwaen pulse length and period,
shgi!sr periods going with younger neutron stars, Further Gold
predicted that pulsars ought to be found in supernova sites

bacause nsutron stars are believed to be created only in the

turnoil of supornova explosions. Prosressive confirmation of these
pradictions as mors data on the characteristics of pulsars became
available has provided strong support for Gold's theory.

According to Cold's original hypothesis the core romaining after
the supernova oxplosion gradually collapses as its fusidx fuel is
burnt up and becomss a neutron star, In the process it loses
little of its original gravitational energy, which is convsrted to
energy of rotation and ths rate of spin may be 1000 ravolutions
per sscond at the time of its formation. Collapse of the magnetic
field associated with the original star is 1likely to lead to
enoraous field strengths on the surface of the neutron star, more
than 2 billion (101%) times that of the Earth's magnetic fleld.

Gold considers that a large fraction of the rotational energy is
l1ikely to be disaipated in the early zZasxzxs days of its life in
oscillations and ejection of plasma, when its radio emissions were
more nearly contiauous., The pulsars which have been detected
represent later stages in the life of neutron stars., Their ruxwax
cores continue to eject plasma-ionized sas - which is caught up in the
magnetic field and whirled at high speeds as the field rotates with
the star, As it travels outwards its speed increases until it
approaches that of light when the plasma escapes into space at high
spsed and at the same time generates radio waves and also presumably,
lighe,

The cbserved properties of pulsars fit well into this framework
but particularly strong support comes from detalled studies of the
polarization of individual pulses from pulsar 0833-45 made by
Radhakrishnan et al. in Australia, Their measurements confirm
that the source, the next fastest pulsar after that in the Crab,
is associated with the supernova in Vela, and is slowing down by

1 part in 107 @or day. (Figure 10), They also found that
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ccessive pulses have the sawe polarization, and that the
position angle of tho plane of polarization moves through more
than 45° during each pulse. (Fig. 11). The conclusion that
can be drawn from these observations is that each pulse comos
from the same locality in the pulsar’s magnetosphere, and this
region must be close to its magnetlc pole, its magnetic axis
boing inciined at a considerable angls to tho rotational axls,
as indicated in Fig. 12, The cono of emission is fairly narrow
and we only see a pulsar if the cone sweeps across our line of
sight os it rotates, so thers may wall be many that are undetect-
able because their axes ars such that the eaission does not take
place in our directiom, if the magnatic axis is almost at right
anglos to the rotation thers is a possibility that omission may
rsach us from the other magnetic pole, as the interpulse which
is present in some pulsars,

That this complex thythm can be upset by ecceantric behaviour
was Jdiscovered independently by teass at Parkes and the N,A.S.A.
tracking station st Goldstone U.5.A. when PSR 0833-45 suddenly
?,Fd unaccountably increased its rate of pulsation by about
2 parts in a million at some time between 24th February and 3
March 1959. No conceivable changes in the mediuwm between us
snd the pulsar could produce such a change and the conclusion
is t&at it represents a real change in ths rotational period of
the scurce, prasumabiy involving the same mechanism of collapse
with conservétion of angular momentum which was rasponsible
for the rapid rotation at the outset., In this case 1f the pulsar
had a dismeter of 10 km before 24th February the observed change
of period by 2 parts per million in the eansuing fow days 1s
squivalent to its sudden shrinking by 1 cm.

The pulsars thus continus to provids their puzzles, It is
falrly generally accepted that there is no nead now to seek an
alternative to the concept of a rotating nautron star, but
details of the mechanisms by which the emisslon takes placs are

still far from complete. Theoreticians are satisfled that
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pulses of radiation could orizinate fron plasma accolervatsd and
cted from a rotating magnetosphere, but this would appear to
involve injoction of some onergy into the system well after the
initial explosion which croated the neutron star 1f the lifetimes
impliod by some of the older pulsars are to be achiasved. N§
other theory which flts the obsorved propertliass nearly so wall
has yet boen propesed, although there are stlll a fow advocates

for a molel involving a neutroa star which pulsates,




