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Pulsars: The Early History
1932 Chadwick discovers the neutron.
1934 W. Baade and F. Zwicky predict existence of neutron stars as end products of
supernovae.
1939 Oppenheimer and Volkoff predict upper mass limit of neutron star.
1964 Hoyle, Narlikar and Wheeler predict neutron stars rapidly rotate.
1964 Prediction that neutron stars have intense magnetic fields.
1966 Colgate and White suggest supernovae make neutron stars.
1966 Wheeler predicts Crab nebula powered by rotating neutron star.
1967 Pacini makes first pulsar model.
1967 C. Schisler discovers a dozen pulsing radio sources, including the Crab pulsar,
using secret military radar in Alaska.
1967 Hewish, Bell, Pilkington, Scott and Collins discover the pulsar PSR 1919+21, Aug 6.
1968 Pulsar discovered in Crab Nebula, and it was found to be slowing down, ruling
out binary models. This also clinched their connection with Type II supernovae.
1968 T. Gold identifies pulsars with magnetized, rotating neutron stars.
1968 The term “pulsar” first appears in print, in the Daily Telegraph.
1969 “Glitches” provide evidence for superfluidity in neutron star.
1971 Accretion powered X-ray pulsar discovered by Uhuru (not the Lt.).
J.M. Lattimer, Open Nights, 9/7/2007

– p.2/18

Pulsars: Later Discoveries
1974 Hewish awarded Nobel Prize (but Jocelyn Bell Burnell was not).
1974 Binary pulsar PSR 1913+16 discovered by Hulse and Taylor. It shows the orbital
decay due to gravitational radiation predicted
by Einstein’s General Theory of Relativity.
1979 Chart recording of PSR 1919+21 used as
album cover for Unknown Pleasures by Joy Division
(#19/100 greatest British albums ever).
1982 First millisecond pulsar, PSR B1937+21,
discovered by Backer, Kulkarni, et al. at Arecibo.
1992 Discovery of first extra-solar planetary system
orbiting PSR B1257+12 by Wolszczan and Frail.
1992 Prediction of magnetars (Duncan & Thompson).
1993 Hulse and Taylor receive Nobel Prize.
1994 Discovery of PSR J0108-1431 which has the
lowest known dispersion measure and is
possibly the closest known pulsar.

sleevage.com/joy-division-unknown-pleasures/

2004 Largest burst of energy in our Galaxy since SN 1604 (Kepler’s supernova) comes
from magnetar SGR 1806-20. It was brighter than the full moon in gamma rays
and more energy was released in 0.1 s than Sun emits in 100,000 years.
2004 Discovery of PSR J1748-2446ad with the highest known rotation rate, 716 Hz.
2005 Discovery of first binary with two pulsars, PSR J0737-3039, by Hessels.
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Pulsars: What are they?
•

Small source period can only be explained by compact objects – either from orbital
motion or from spin. The Crab pulsar bursts 30 times a second.

•

A binary star with total mass of M = 1 M and a period of P = 0.033 s, according
to Kepler’s Law, would have a separation a equal to
«
„
«2/3
„
P
M 1/3
= 1.0 · 10−6 AU = 93 miles .
a=
M
1 year
(Recall that 1 year = 3.16 · 107 s.) This separation is smaller than the radius of any
solar mass object except a neutron star or black hole.

•

The maximum radius Rmax an object could have and still spin that fast without
shedding mass from the equator is found from
„ «2/3
„ «2
M
P
2π
Rmax = G 2
⇒ Rmax = (GM )1/3
.
P
Rmax
2π
This gives Rmax = 15 km. Again, only a neutron star or black hole works.

•
•

There is no known mechanism for black holes to emit pulses of energy.

•
•

A binary that is losing energy goes into a tighter orbit with a smaller period.

The discovery that the Crab pulsar is slowing down is only consistent with a
spinning object and rules out orbiting stars or vibrating stars.

A vibrating object that is losing energy develops a higher frequency of oscillation.
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Constraints from Pulsar Spins
XTE J1739-285

ν = 1122 Hz

Kaaret et al. 2006
Not confirmed to
be a rotation rate

PSR J1748-2446ad
ν = 716 Hz
Hessels et al. 200
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Black hole? ⇒
Firm lower mass limit?⇒

M < 1.17 M (95%) ⇒

M > 1.68 M , 95% confidence{
Freire et al. 2007 {

Although simple average
mass of w.d. companions
is 0.27 M larger, weighted
average is 0.015 M larger
companion?
} w.d.
statistics?

Champion et al. 2008
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Pulsars: Why do they pulse?
•

All models involve the lighthouse effect, in which particles and light are emitted
from magnetic poles that are usually misaligned with the orbital poles (magnetic
dipole model). The beam widths have been measured in some cases to be several
degrees, so we are fortunate to see
any given pulsar. For every one we see,
there must be several others we don’t.

•

It is known that spinning magnetic
dipoles can emit energy.

•

Nobody understands in detail how
the beaming is accomplished.

•

For the magnetic dipole model,
dErot /dt = Ėrot ∝ B 2 R6 P −4
Erot ∝ M R2 P −2
Ėrot ∝ M R2 P −3 Ṗ
q
p
B ∝ R−2 M P Ṗ > 1019 P Ṗ /s G

τ = P/(2Ṗ ) is the characteristic age

From Handbook of Pulsar Astronomy by Lorimer and Kramer
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Dany Page, UNAM
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Amazing Facts About Neutron Stars
•

Densest objects this side of an event horizon: 10 15 g cm−3
Four teaspoons, on the Earth’s surface, would weigh as much as the Moon.

•

Largest surface gravity: 1014 cm s−2
This is 100 billion times the Earth’s gravity.

•

Fastest spinning objects known: ν = 716 Hz
This spin rate was measured for PSR J1748-2446ad, which is
located in the globular cluster Terzan 5 located 28,000 light
years away. (33 pulsars have been found in this cluster.)
If the radius is about 15 km, the velocity at the equator
is one fourth the speed of light.

•

Largest known magnetic field strengths: B = 10 15 G
The Sun’s field strength is about 1 G.

•

Highest temperature superconductor: T c = 10 billion K
The highest known superconductor on the Earth is mercury thallium barium
calcium copper oxide (Hg12 Tl3 Ba30 Ca30 Cu45 O125 ), at 138 K.

•

Highest temperature, at birth, anywhere in the Universe since the Big Bang:
T = 700 billion K

•

Fastest measured velocity of a massive object in the Galaxy: 1083 km/s
This velocity was measured for PSR B1508+55, and is 1/300 the speed of light. It
is actually an underestimate, since only the transverse velocity can be measured.

•

The only place in the universe except for the Big Bang where neutrinos become
trapped.
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The P − Ṗ Diagram
Since the magnetic field strength and the age can be expressed in terms of the period P
and the spin-down rate Ṗ , it is useful to plot the positions of pulsars in a P − Ṗ diagram.
This is the H-R diagram for pulsars.
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Magnetars – Extreme Neutron Stars
• Anticipated in 1992 by Duncan & Thompson
• Characterized by superstrong magnetic fields,
B ∼ 1015 G

• Likely physical explanation for soft gamma
repeaters (SGRs) and anomalous X-ray
pulsars (AXPs)

• Superstrong fields lead to strong braking of the
rotation rate, which is observed.

• Estimates are that 1 in 10 supernovae produces a
magnetar rather than a normal neutron star.

• Strong fields generated by a convection-driven,
globally-extending, dynamo in the proto-neutron
star if the rotation rate is fast enough (> 100 Hz).
Most proto-neutron stars rotate much less rapidly.

• Strong fields decay within 10,000 years and activity
(X-ray and γ-ray emission) stop.

• Given the observed number of magnetars, there
could be 30 million or more dead magnetars in
the Galaxy.

commons.wikimedia.org/wiki/Image:Magnetar-3b-450x580.gif,

Artist’s conception

• SGR 1900+14, despite its large distance of 20,000 light years, on the night of August 27,
1998, ionized ionospheric atoms to daytime levels.
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The Crab Pulsar

NASA/ESA

Hubble
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The Vela Pulsar
Glitches (starquakes) are sudden jumps in
rotation rate. They occur in a pattern
similar to Earthquakes and could be
related to superfluidity inside the star.

cumulative angular momentum

1970

1980

1990

−5

2X10

−5

1X10

40000

45000

50000

MJD

Link, Epstein and Lattimer

Chandra X-ray observatory
J.M. Lattimer, Open Nights, 9/7/2007

– p.15/18

The Binary Pulsar PSR 1913+16
4

•
•
•
•
•

Weisberg & Taylor

Found by Hulse and Taylor in 1974.
Binary period is 7.75 hours.
Pulsar period is 59 ms.
Eccentricity is 0.617.
Advance of the periastron is 4.2◦ per year;
In one day this is the same as Mercury’s.
advance in a century.

• Orbit is inclined in plane of sky by 47.2◦ .
• Separation of stars varies from 1.1 to 4.8 R .
• Masses of stars are 1.4414 ± 0.0002 and
1.3867 ± 0.0002.

• The orbit’s period is shrinking by
.00008 seconds per year.

• The separation of the system is shrinking by
3.5 meters per year.

• The binary will merge in a violent collision of neutron Fstars
in 280 million years. Such
ig u re 1 . O rb ita l d e c a y o f P S R B 1 9 1 3 + 1 6 . T h e d a ta p o in ts in d ic a t
o b se rv e d ch a n g e in radiation.
th e e p o ch o f p e ria stro n
events are expected to be the most intense sources ofth egravitational

w ith d a te w h ile th
p a ra b o la illu stra te s th e th e o re tic a lly e x p e c te d ch a n g e in e p o ch fo r
sy ste m e m ittin g g ra v ita tio n a l ra d ia tio n , a c c o rd in g to g e n e ra l re la tiv ity
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The Pulsar Binary PSR J0737-3039
•
•
•
•
•
•

Found by the Parkes radio telescope in 2004.
A more extreme version of PSR B1913+16.
Binary period is 2.5 hours.
Pulsar periods are 22.7 ms and 2.77 s.
Eccentricity is 0.088.
Advance of the periastron is 16.9◦ per year,
four times as large as for PSR 1913+16.

• Orbit is inclined in plane of sky by 88.9◦ .
• Separation of stars is about 1.4 R .
• Masses of stars are 1.337 ± 0.005 and
1.250 ± 0.005.

• The orbit’s period is shrinking by
.00004 seconds per year.

Lyne et al., Science 303 (2004) 1
• The separation of the system is shrinking by 2.5 meters per year.
• The binary will merge in a violent collision of neutron stars in 85 million years, more than
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The Burping Pulsar
One of the stranger pulsars is PSR J1946+274, discovered in 1998 by Colleen
Wilson-Hodge at NASA’s Marshall Space Flight Center.

•

It is a rare example of a pulsar orbiting a massive companion, in this case a type
B[e] star, which is a very hot blue star with 8–15 M about 13,000 light years away.

•

The pulsar’s period is 15.8 seconds, but it has additional bursts that are also
regularly spaced but on a much longer timescale. There is usually an occasional
large burst followed by a series of smaller outbursts.

•

The natural explanation is that the B[e] star, which is very rapidly rotating,
sporadically ejects matter which forms a disc around the star. The first time the
pulsar sweeps through the disc a large outburst is produced as material accretes
onto the neutron star. The
smaller outbursts occur as
the pulsar continues to pass
through the disc once or twice
an orbit. Gradually, the disc
is swept clean and the bursts
diminish.

science.nasa.gov/newhome/headlines/ast11dec981.htm
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