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DISCOVERY

In 1967 a group of scientists in Cambridge, England undertook a

systematic study of the effects of the interplanetary medium on the

propagation of radiation from compact extragalactic sources. For this

purpose they constructed a multi-acre array of dipole antennae and

began recording the interplanetary scintillations of all sources in the

sky. The novel aspect of these observations was that they demanded

very little smoothing of the data to detect the rapid scintillations.

For this reason they were the first to survey the sky for sources which

were varying rapidly for reasons other than scintillation. A student

on the project noted a source of pulsed radiation that recurred day

after day. The pulsations were accurately periodic and had a duty cycle

of about 3%. For three months this object was followed with the utmost

of secrecy. After that time they were certain of its cosmic origin for

two reasons: it maintained the same position in the. sky which meant

that it could not be a tedestrial event at the same time each day, and

the observed period of the pulsations changed in a way consistent with

the variations expected from the Doppler shift of the observatory due

to the orbital motion of the Earth about the Sun. Thus their systematic

study led to the discovery of a new and unexpected source of radio radia-

tion.

Later investigations by the Cambridge group and by scientists at

the Mills' Cross in Australia, at Jodrell Bank in Englandat the .NRAO

and at the Arecibo Observatory have resulted in a list of 65 pulsating.
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radio sources or pulsars. A current list is given in Table I. The

accurate periodicity of the signals from the pulsars is their most

distinctive property. The periods are frequently ..determined to one

9
part in 10 . This is the accuracy that quartz crystals can be made

to oscillate in the laboratory. In astrophysics, this accuracy implies

that the phenomenon is in the realm of the mechanics of massive bodies

.since only these bodies have the inertia to maintain some form of motion

with precision. Standard questions about massive objects for the astro-

physicist are: what is the characteristic time scale of a body in re-

lation to its mass and radius; and what are the possible equilibrium

states, which are required so that we can expect to view them, of

stellar masses. With regard to the latter question, it has been knorwn

for many years that the dying embers of a star could form a white dwarf

with its mass supported against the gravitational collapse which is ex-

pected in a star which has exhausted its nuclear fuel by an electron

degeneracy pressure. These objects had been detected amongst the local

stars. Around 1940, as a byproduct of atomic bomb research, it was

predicted that a neutron star might exist; its mass would be supported

against collapse by a nuclear degeneracy pressure. Later it was suggested

that these objects might be formed in supernova explosions. Recently

much interest has been devoted to an additional object where the collapse

could not be averted; the mass disappears into a black hole, so called

since light cannot escape from the surface of the objezt. An envelope

calculation of the vibrational time scale for these objects is found

by setting the gravitational acceleration at the surface GM/R2 equal to

2an acceleration of the surface written as R/t. This results in t ~

(Gp) where p is the density M/R3 . A similar calculation for rotation
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comes from setting the surface gravitational acceleration equal to the

centrifugal force. This results in the same estimate for t. For the

14 2
tremendous density of 1014 gm/cm2 , which has been suggested for neutron

stars, t ~ i ms.

Another speculation about these star embers is that the magnetic

fields would be large as a result of the collapse or implosion of a

large star down to a white dwarf or neutron star. Consider the Sun with

a one Gauss field (B ). Now allow the Sun to contract from R to a
0 o

2 2
radius R while conserving flux: I ~ B R ~ B . The new field

0 0

2 2 6
B B R /R . This results in predictions of 10 Gauss for white

0 e

dwarfs (R ~ 108 cm), which has been measured in one white dwarf, and

11 6
1011 Gauss for neutron stars (R ~ 106 cm).

Considering the matrix of attractive possibilities, white dwarf/neu-

tron star and rotation/vibration, Professor Gold was convinced that the

objects were rotating, magnetic neutron stars. In his model the magnetic

field is forced into corotation by magnetohydrodynamic forces/ arising

from its plasma content. However this "magnetosphere" of the neutron

star would run into trouble at a distance from the axis of rotation Rc

where the corotation at constant angular frequency Q0 forces the field

and plasma to the speed of light, R = c/2. Gold felt that there would
c

be some interaction on this "light cylinder" causing the corotation to

stop and producing anisotropic radio radiation which we view as pulses

just as one views a revolving beacon from a lighthouse. The great pre-

diction of this model was that the pulsar periods would decay with time

due to a loss of rotational energy. This was contrasted with vibrational

models where energy loss leads to collapse, to higher densities, and

hence to shorter period oscillations. Furthermore, Gold predicted that,
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since the time scale t for neutron stars could extend down to 1i ms,

young, short period pulsars remained to be detected. Both the period

increase with time and a young short period pulsar were detected.

PROPAGAT ION PHENOMENA

The pulsar emission arrives in short pulses when observed with a

narrow bandwidth at any radio frequency. A comparison of the outputs

from two such bandwidths with center frequencies offset by a few MHz

shows that the pulses arrive at a later time at lower frequencies. When

extension is made to larger frequency offsets, it is found that theI

delay between pulses has a quadratic dependence on frequency. Because

the pulse arrival time is frequency dependent we say the pulsar radia-

tion is dispersed. The microscopic interaction between electromagnetic

waves and matter in the transmitting medium causes a wave packet to

travel at speeds less than c; that is, the group velocity is less than c.

If the interaction is frequency dependent, the medium is called disper-

sive. A plasma is a dispersive medium and from Maxwell's equations one

can find a dispersion relation between the index of refraction and the

radio frequency. From this the group velocity is derived. For a plasma

with only the interaction with the electrons considered and with negligible

magnetic field this relation is

2 2 2
v/c = 1- n e /(2in m c v)

g e e

The dispersion delay between frequencies v1 and v 2 is

2
=(1/V 2 -1/v 1 2 e f n dt• d = I 2  112x2m c e

e



This relation accurately describes all observations of pulse arrival

delay with frequency. The dynamic spectrum of a pulsar is sketched

in Figure 1. The parameter IN dZ has been defined as the dispersion
e

-3
measure (DM) with units of parsecs cm . The observed range is

33 < DM observed < 400 pc cm

Where is this plasma? The following table will allow some statements to

be made on various hypotheses.

MEDIUM ELECTRON DEPTH D.M. HYPOTHESIS

DENSITY CONTRIBUTION TEST

5 -3 8 13
Earth Ionosphere 3x105 cm 1.5x10 cm 5x 1 3.  No

Interplanetary Medium 1-10 AU=1.5x101 3  1014 Yes

(away from Sun)

Instellar Medium -<0.1 300pc = 1021 1020 Yes

HII Regions ~1 ~10 pc 3x1019 Possible

Pulsar Neighborhood Crab:40 0.5 pc 6x101 9  Yes

Others? No?

Further confidence in attributing the dispersion to the interstellar.

medium in the general case can be gained from the presentation in Figure

2,.- a correlation diagram of the DM and the galactic latitude b . The

correlation is that expected if the pulsars reside in the plane of the

galaxy and if the DM comes from plasma distributed in the plane. From

the above discussion it is clear that, after corrections are made for

obvious HII regions or pulsar associated nebulae, a reasonable distance

estimate can be obtained by dividing the DM by the average electron density



<n >. It is certain the medium is not uniform, but on a statisticale

basis these estimates should be valid.

The nonuniformity of the medium plays an important role in the

observations of pulsars. There is a simple appraoch to this which will

serve to illustrate the relation between various parameters. The rays

from a pulsar are bent by the plasma irregularities which act as giant

lenses. This is a result of the microscopic scattering process described

above. The rays observed are spread over an angle O . Due to geometrical
s

path length differences for rays arriving from angles extending to e,S

a puise will be spread over a time Tb. The mixture of signals with dif-

ferent delays gives rise to interference of the signal across the radio

spectrum with a scale of Bs ~ l/Tb and a depth of modulation m. Finally

if there is a velocity of the entire scattering medium relative to the

pulsar-observer line of sight, from Earth, pulsar or medium motion, then

the interference which also varies spatially at a fixed frequency will

give rise to slow temporal variations with a time scale T = a /v; a is
s p p

the interference pattern scale size and v is the relative velocity. Given

this model of the phenomenon, two telescopes spaced by a large fraction

of a will measure an offset in time of arrival of the same temporalp

variations At=d/v, where d is the projected separation of the telescopes.

Figure 3 is a sketch of the dynamic spectrum, with the axes com-

pressed over that of Figure 1, which includes paths of individual dis-

persed pulses and constructive interference "islands" in the frequency-

time plane. In Figure 4 the variations of the scale sizes of the islands,

B and I , and of the depth of modulation, m, with radio frequency areS S

shown. Below ~1 GHz the medium severely modulates the radiation. The
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4
modulation measure m is unity, the bandwidth B varies as v and the time

S

-1
scale T varies as v. Above -l~1 GHz m decreases as v , B increases

s s

less rapidly and Ts is roughly constant. Figure 5 displays observationals•

results for B and T- as a function of v and DM. The quadratic dependence
s b

-1
of B and T on DM is further proof that the dispersion comes from the

s b

general interstellar medium.

All of these phenomena are areas of current experimental and theo-

retical investigations. The simple theory indicates that the scale of

11
the fluctuations is very small, 10 cm, which is difficult to reconcile

with the knowledge of lifetimes of density irregularities of that scale.

INTRINSIC PHENOMENA

Many studies have been made of phenomena intrinsic to the radiation

mechanism of the pulsar. A fundamental property of a radio source is

the spectrum of its emission. For the pulsar an equivalent continuous

flux density spectrum can be defined. These spectra have not ,been/

studied well; some estimates are given in Figure 6. The general features

are a straight section in the region between 100 and 1000 MHz with slopes

around -1 and turnovers toward the lower frequencies and toward the

higher frequencies. Before discussing a cause for these features of the

spectrum a few comments are needed about the general nature of the emis-

sion mechanism. A standard argument in astrophysics is that if the power

from an object varies over a time t, then the size of the emitting region

must be less than the light distance ct so that the emitting particles

can communicate about variations. In the pulsars t is, for example;

100 sec. For a 1000 flux unit emission level at a wavelength of one

meter from a source at 300 pc, this implies a brightness temperature from



28
the Planck law of 1028 K. Such a temperature cannot be simple inco-

herent radiation since it would require charges whose energy is 10 2 4 eV.

Such energetic charges, if they could be produced, would radiate extremely
-s o

high frequency photons, not radio waves. To explain. the 10 2 8 K it is

necessary to invoke a coherent radiation mechanism, one in which N charges

move in unison and act as a single ion with charge N . This allows an
e

enhancement of brightness temperature over incoherent mechanisms by a

factor of iE. It is worth noting here that the one coherent source out-

side our solar system which was suggested before pulsars were discovered

turned out to be a pulsar, the Crab Nebula pulsar. In fact it had been

suggested in 1967 by Pacini that there was a spinning, magnetized neutron

star in the Crab Nebula; unfortunately he did not consider that it might

be equipped with a "bell".

The low frequency turnovers could be due to thermal absorption by

the interstellar hydrogen, but they occur at frequencies somewhat higher

than what standard galactic models would predict. A more likely mechanism

is some form of self-absorption by the radiating charges causing a decrease

of the emissivity with decreasing frequency. It is also possible that there

is merely a lower limit to the spectrum of coherent emission.

The high frequency turnover is certainly related to the emission

mechanism. The wavelength at which this occurs may relate to a minimum

scale length .for the coherent motion of the radiating charges. Certainly

other models could be proposed.

An average of the radiation synchronously with the pulse period

produces a pulse profile which is characteristic for each object. These

often show the presence of components, or distinct regions within the



pulse emission window. The different morphologies are displayed in

Figure 7. These profiles are largely constant in time over intervals of

a year. They can have weak dependences on radio frequency: the component

separation and width often decrease slowly with increasing frequency.

In several of the shortest period pulsars emission is detected nearly

midway between pulses (Figure 8). These are called interpulses. Also

in two objects, 0531+21 and 0950+08, there is emission throughout an

interval between the main-pulse and interpulse known as the baseline

component.

Our knowledge of the guts of a pulsar is in a primitive state.

These components of the pulse may represent separate streams of charges

from the central star which radiate in our direction once per pulse

period as a consequence of the rotation. Another view is that the com-

ponents represent a variation of the efficiency of the production of

coherent radiation with angle across a wide stream of charges.

The extremely strong magnetic fields predicted are required in

most models of the emission mechanisms to provide a means of accelerat-

ing the charges. The coherent motion of a large number of charges along

a curved magnetic field line will produce high degrees of linear polari-

zation in a direction parallel to the radius of curvature of the field.

Large degrees of linear polarization are seen in pulsar radiation, in

some cases as much as 100%. The angle of the polarization often varies

slowly across the pulse. This variation has been shown to be similar

over a wide range of frequencies which confirms the idea that the high

degree of polarization is the result of charge acceleration in a non-

uniform magnetic field. The polarization phenomena then is important

for revealing the field structure in the emitting region.
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The pulsar emission varies on every time scale that has been

investigated. The minute-to-hour variations arising from propagation

effects have already been discussed. The variations intrinsic to the

pulsar emission range from micropulses which last for 10-100 psec, or

0°015 - 0?03 when measured in longitude, to subpulses which have a scale

around 10 of longitude, to pulse to pulse variations. Beyond the varia-

tions lasting for a few pulse periods, there is a domain between 50

and a few hundred pulse periods. Finally recent studies have shown that

the average flux of some pulsars varies on a weekly to monthly time

scales and that the pulse profile can evolve slowly with time over a

period of several months.

Much of the phenomenology of pulsar data has not been discussed.

The many details of the Crab Nebula pulsar, its optical and X-ray

radiation and its relation to the Nebula, hag been omitted. No mention

was made of investigations of local magnetic field strengths from

Faraday rotation. Theoretical models were treated only lightly; in

particular no comment was given about the solid state physics of neutron

stars and its relation to observational quantities.

References to several review articles are given.
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