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Lighthouse model

• A pulsar is a rapidly rotating neutron star with a beaming ‘hotspot’ on the 
surface.  As the neutron star rotates the bright region may point towards 
us and we will see a flash, like a lighthouse:

• Radio emission is associated with a beam of radiation from the magnetic 
pole of the neutron star:
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Lighthouse model

• An oblique rotator:

Bill Saxton, NRAO/AUI/NSF
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Questions – a course outline

• Questions we will address:
– How were pulsars discovered and what are the gross properties of radio 

pulsars?

– How can pulsars be used as astrophysical tools?

– How are the signals from pulsars distorted as they travel to Earth?

– How do you search for and time pulsars?

– How are pulsars distributed in the galaxy and what are the properties of the 
pulsar population?

– How do pulsars radiate?

– How were pulsars formed, and what is their internal structure?

– Why are there binary and millisecond pulsars?

– How do various types of pulsar fit in to the grand picture of late stellar 
evolution?

– What is so special about the Crab pulsar and PSR J0737-3039?
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Discovery

• Pulsar were discovered accidentally in 1967.  Tony Hewish and his research student Jocelyn 
Bell had constructed a large radio telescope, operating at 81.5 MHz, in Cambridge to measure 
short timescale (~1 s) variations in the flux densities of compact extragalactic radiogalaxies
and quasars.

• These fluctuations, called interplanetary scintillation (IPS), are caused by the passage of the 
radio waves through the turbulent solar wind and depend critically on the angular size of the 
source (in the same way that stars twinkle optically due to turbulent air, whereas planets do 
not).

• IPS promised to give a measure of the cosmological distribution of radio galaxies and hence 
constrain models of galaxy formation.

• However, some of the fluctuating sources were clearly anomalous – galactic pulsars rather 
than scintillating galaxies!
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Discovery – the 4 Acre Array
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Discovery

• First chart recording of CP1919 as it transits the array
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Discovery

• First observations of pulses from CP1919 as it transits the array
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Nature letter – Feb 1968
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Early deductions about pulsars (c1968)

• Pulse arrival times showed delays due to the Earth’s position around the 
Sun, but no parallax effects.  Therefore pulsars are far outside the solar 
system.

• Pulses appear to sweep through the radio band (-5 MHz/s for CP1919), 
indicating that they have been dispersed by the interstellar medium --
see later (lecture 3).  The amount of dispersion indicates thay are 
probably local galactic objects.

• Pulses can be very bright.  CP1919 showed peak flux densities of ~20 Jy.

• Pulses vary in strength – intrinsic variation or propagation effects (see 
later)?
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Early deductions about pulsars (c1968)

• Pulsars are exceedingly regular clocks. CP1919 period was measured as 
1.3372795+/- 0.000002 s, with the uncertainly due solely to the short time of 
observation since discovery 

(we now know period of PSR J1909-3744 to be 0.002947108021715178 s +/-
0.000000000000000002 s, a fractional accuracy better than 1 part in 1015! ) 

• CP1919 pulses are shorter than 0.016 s, corresponding to a distance of ~5000 km 
at the speed of light.  If the emitting region is linked causally, it must be smaller 
than this, so pulsars are physically small
(actually, the emitting region is now thought to be just a few tens of metres across!)

• Although early theories considered radial pulsations (cf. Cepheid variables) as the 
source of the signal, rather than the lighthouse effect, both imply very high 
densities for the object (~1016 kg/m3) corresponding to a neutron star.
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Neutron stars

• Baade & Zwicky, 1934: 

“With all reserve we advance the view that a supernova represents 
the transition of an ordinary star into a new form of star, the 

neutron star, which would be the end point of stellar evolution. 
Such a star may possess a very small radius and an extremely high 

density.”

Casey Reed, Penn State
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Derived properties – brightness temperature

• Take  CP1919 as the example:

Assuming a distance of 1 kpc and a size of 10 km, the solid angle is

The brightness is

𝐵 =
𝑆

Ω𝑠
=
20 × 10−26

8 × 10−32
= 2 × 106 Wm−2Hz−1sr−1

and brightness temperature is a whopping

𝑇b =
𝐵𝑐2

2𝜈2𝑘B
= 1030 K

– Note that the upper limit brightness temperature for incoherent electron 
synchrotron radiation set by inverse-Compton scattering is  ∼ 1012 K.
Something funny is going on… 

Ω𝑠 ≃ 𝜋
5 km

3 × 1016km

2

= 8 × 10−32 sr
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Derived properties – density 

• Size:  take the fastest know pulsar, PSR J1748-2446ad in the globular 
cluster Terzan 5, period 0.00139595482 s (ie ~716 Hz!):

Mass 𝑀, radius 𝑅, rotation rate 𝜔 =
2𝜋

𝑃
.

It will break up centrifugally if

𝜔2𝑅 >
𝐺𝑀

𝑅2

so for stability 

𝑃2 >
4𝜋𝑅3

3

3𝜋

𝐺𝑀
.

This constrains the mass density, 𝜌, to be

𝜌 >
3𝜋

𝐺𝑃2
= 7 × 1016 kg m−3.

(70 kilotons per cubic millimetre)
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Derived properties – size 

• For a neutron star of mass 𝑀 = 1.4 𝑀⊙ this corresponds to a 

radius of  

𝑅 <
3𝑀

4𝜋𝜌

1/3

= 21 km.

• So the pulse period and pulse width are both consistent with 
emission from or near the surface of a rapidly rotating neutron star, 
even for the shortest period pulsars.
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Derived properties – magnetic field

• We expect neutron stars to have strong magnetic fields – simple 
arguments, conserving flux during the collapse, indicate a Sun-like 
progenitor would result in a neutron star with 
B~108 tesla.  More sophisticated arguments boost this to 109 to 1011 T.

• We therefore have a rapidly rotating bar magnet.  This will produce 
electromagnetic waves at the rotation frequency, due to magnetic 
dipole radiation. 

𝜔 𝑚
𝜃

A rotating magnetic dipole 𝑚 acts 
like two oscillating dipoles of 
magnitude 𝑚 sin𝜃 in the plane 
perpendicular to 𝜔, 90 degrees out 
of phase with each other.
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Derived properties – dipole luminosity
• The neutron star will therefore generate very low frequency radio 

waves (at the rotation frequency) with luminosity

𝐿 =
𝜇0 ሷ𝑚 2 sin2 𝜃

6𝜋𝑐3

=
2𝜋𝑅6𝐵p

2𝜔4sin2𝜃

3𝑐3𝜇0

where 𝐵p is the magnetic flux density at the pole of the neutron star 

and 𝑅 is its radius. This is an important equation!

• These waves are by far the primary cause of energy loss from the 
rotating neutron star, but note they are NOT the radio signals we see 
– they are beneath the local plasma frequency and are strongly 
absorbed by the local interstellar medium.

This is  the magnetic 
Lamor formula. Compare 

with  𝐿 =
ሷ𝑝 2

6𝜋𝜖0𝑐
3 for an 

oscillating electric dipole.
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Derived properties – radiation braking

• The only source of this energy is the rotational kinetic energy stored in the neutron 
star, moment of inertia  𝐼𝑧𝑧 :

𝐸 =
1

2
𝐼𝑧𝑧𝜔

2

so that 𝐿 = − ሶ𝐸 = −𝐼𝑧𝑧𝜔 ሶ𝜔, (if 𝐼𝑧𝑧 is not changing).

• The radiation will therefore brake the pulsar, and it will spin down.  If all the 
braking is from pure magnetic dipole radiation, then

𝐼𝑧𝑧𝜔 ሶ𝜔 =
2𝜋𝑅6𝐵p

2𝜔4sin2𝜃

3𝑐3𝜇0
and 

ሶ𝜔 = −
2𝜋𝑅6𝐵p

2 sin2 𝜃

3𝑐3𝜇0𝐼𝑧𝑧
𝜔3.
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Derived properties – magnetic field

• Such pulsar should therefore have a “braking index” of

𝑛 = 3, where ሶ𝜔 ∝ −𝜔𝑛

(note that 𝑛 is rather hard to measure for any particular 
pulsar on a short timescale).

• Also if you make a reasonable guess at the moment of 
inertia, and radius, measurement of spin rate and spin-
down give an estimate of the minimum magnetic field:

𝐵 = 3.2 × 1015 𝑃 ሶ𝑃
1/2

tesla
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Derived properties – magnetic field

Magnetic fields can be read off a 
P-PDOT diagram (see later)

Note that 1 tesla = 104 Gauss
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Pulsars at many wavelengths

• Pulsars are seen at many wavelengths, not just radio, though the 
radiation mechanisms may differ.

• Radio pulsars are usually rotationally-powered, X-ray pulsars are 
usually accretion-powered, though some show complex emission over 
all wavelengths (see later!)

Spectrum of the Crab pulsar

Lyne & Graham-Smith
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Crab nebula and pulsar – optical 

Cambridge Lucky 
Imaging System

NASA/ESA
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Nomenclature

• Pulsars have always been named in terms of their position, so CP1919 was 
‘Cambridge Pulsar at RA 19h 19m’, but prefixes like CP soon died out.

• Pulsars were then named in terms of their RA (hhmm) and declination (+/-dd), 
referred to a 1950 Besselian coordinate system, eg B1919+21.  PSR is usually 
appended to the front, to indicate it is a pulsar:  PSR B1919+21

• Precession (and redefinitions of coordinate systems) have meant that today 
pulsars are referred to the Julian epoch, with coordinates corrected to the year 
2000, so PSR B1919+21 becomes PSR J1921+2153 (note the greater precision 
in dec).  

• Names can therefore be confusing, with more than one name for the same 
object!  Usually pulsars discovered before 1993 keep their ‘B’ names.
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