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Pulsars: What are they?

• Small source period can only be explained by compact objects – orbital
motion, vibrations or 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

a =

(
M

M�

)1/3(
P

1 year

)2/3

= 1.0 · 10−6 AU = 93 miles .

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(

2π

P

)2

Rmax =
GM

R2
max

⇒ Rmax = (GM)1/3

(
P

2π

)2/3

.

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.

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

• Binaries, losing energy, go into tighter orbits with higher frequencies.

• Vibrating objects, losing energy, develop higher oscillation frequencies.
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Magnetic Dipole Model for Pulsars

A misaligned magnetic dipole (α > 0) emits low-frequency electromagnetic
radiation. Larmor formula for electric dipoles (charge q, acceleration v̇) is

Prad =
2q2v̇ 2

3c2
=

2

3c3
(qr̈ sinα)2 =

2p̈2
⊥

3c2

where p⊥ is the perpendicular component of the electric dipole moment.

A uniformly magnetized sphere with radius R and surface field B has a
magnetic dipole moment |m| = BR3, and if rotating with period P = 2π/Ω,

has m = |m|e−iΩt and ¨|m| = Ω2|m|. By analogy to an electric dipole,

Prad =
2

3

m̈2
⊥

c3
=

2

3c2

(
BR3 sinα

)2
(

2π

P

)4

This radiation appears at the low frequency ν = P−1 < 1 kHz, too low to
propagate throught the ionized ISM and be detected.

The total rotational energy and spin-down power, using I = (2/5)MR2, are

Erot =
1

2
IΩ2 ' 1.6 · 1050

(
M

M�

)(
R

10 km

)2(
10 ms

P

)2

erg,

Prot = −IΩΩ̇ ' 1.6 · 1040

(
M

M�

)(
R

10 km

)2(
10 ms

P

)3( −Ṗ
10−12

)
erg s−1.
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Magnetic Fields and Ages

Setting Prad = −Prot , one finds

B =

√
3c3IPṖ

8π2

1

R3

1

sin2 α
' 2.9 · 1012

(
10 km

R sinα

)2
√

M

M�

P

.01 s

Ṗ

10−12
G

which is a minimum value since sinα < 1.

The characteristic age is estimated by assuming PṖ ' constant, or∫ P

P0

PdP = PṖ

∫ τ

0

dt = PṖτ =
P2 − P2

0

2
,

giving, with P0 >> P,

τ =
P

2Ṗ
' 158

P

.01 s

10−12

Ṗ
yr.

A death line exists when the voltage V ∝ BΩ2 near the polar cap drops below
that needed to generate e+e− pairs:

Φ =
BR3Ω2

2c2
' 6.6 · 1016 B

1012 G

(
0.01 s

P

)2(
R

10 km

)3

V.

Note BP−2 ∝
√

ṖP−3 ∝ Prot . Death line is where BP−2 ∼ 0.2 · 1012 G s−2.

A log Ṗ − logP diagram for pulsars is like an H-R diagram for stars.
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The P − Ṗ Diagram

B ∝
√

PṖ
τ ∝ P/Ṗ
Prot ∝ P−3Ṗ

The “death line” is
Prot ∼ 1030 erg s−1
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Distances to Pulsars

Pulsars can probe the ISM, which is a plasma with a refractive index

µ =

√
1−

( ωp

2πν

)2

, ωp =

√
4πe2ne
me

' 8.97

√
ne

cm−3
kHz

where ωp is the plasma frequency.

Typically, ne ∼ 0.03 cm−3 and
ωp/(2π) ∼ 1.5 kHz.

When 2πν < ωp, µ is imaginary and
photons cannot propagate.

The group velocity vg = µc < c.
When 2πωp << ν,

vg ' c

(
1−

2π2ω2
p

ν2

)
,

an increasing function of frequency.

This produces a dispersion delay

Lorimer & Kramer

td =

∫ d

0

dx

vg
− d

c
' e2DM

2πmecν2
, DM ≡

∫ d

0

nedx is the disperson measure.
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Pulsars
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Magnetic Field Evolution??

Zhang & Xie
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Magnetars – Extreme Neutron Stars

commons.wikimedia.org/wiki/Image:Magnetar-3b-450x580.gif, NASA
Artist’s conception

• Anticipated 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, not a normal star.
• Strong fields generated by a convection-

driven, globally-extending, dynamo in the
proto-neutron star if the rotation rate is
faster (> 100 Hz) than usual.
• Strong fields decay within 10,000 yrs, then

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.
• 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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Why Highly Magnetized Neutron Stars?

Spin down of star to about 8 s period in the 10,000 yr age of SNR
(magnetic dissipation)

Provide enough energy for flares

Account for short, 0.2 s, duration of the hard spike (timescale of
large-scale magnetic field readjustment)

Provide enough energy for steady X-ray glow of SGRs

Make a hot particle gas (fireball) to explain soft tail and intensity of
bursts

After fireball disperses, makes a residue held down by magnetic
forces

Explains periodicity in light curve
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Model for SGRs

Duncan & Thompson
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SGR Light Curve
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Some of the 21 Known Magnetars

SGR 1806-20, d = 50, 000 lt-yr
(Sagittarius), b = 1015 G. 2004 burst
was brightest event outside solar system
sighted on Earth. Energy released was
1046 erg; from a distance of 10 lt-yr
would have destroyed the ozone layer.
Ionosphere expanded

SGR 1900+14, d = 20, 000 lt-yr
(Aquila). In 1998, forced NEAR
Shoemaker to shut down and saturated
detectors BeppoSAX, WIND and
RXTE. A ring seen was probably formed
in 1998 burst.

SGR 0501+4516, d = 15, 000 lt-yr

SPITZER - SGR 1900+14

1E 1048.1-5937, d = 9000 lt-yr (Carina) is the nearest known
magnetar (AXP)

SWIFT J195509+261046, formerly GRB 070610

CXO J164710.2-455216 (AXP) in Westerlund 1 (galactic cluster)
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Binary Mass Measurements

Mass function

f (M1) =
P(v2 sin i)3

2πG

=
(M1 sin i)3

(M1+M2)2

> M1

f (M2) =
P(v1 sin i)3

2πG

=
(M2 sin i)3

(M1+M2)2

> M2

In an X-ray binary, voptical has the
largest uncertainties. In some
cases sin i ∼ 1 if eclipses are
observed. If no eclipses observed,
limits to i can be made based on
the estimated radius of the
optical star.

X-ray timing

Optical spectroscopy
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Pulsar Mass Measurements

Mass function for pulsar precisely obtained.
It is also possible in some cases to obtain the rate of
periastron advance and the combined
effects of variations in the transverse
Doppler effect and the gravitational
redshift around an elliptical orbit:

ω̇ = 3
1−e2

(
2π
P

)5/3 (GM
c2

)2/3

γ =
(
P
2π

)
1/3eM2(M + M2)

(
G

M2c2

)2/3

Gravitational radiation leads to orbit
decay:

Ṗ = −192π
5c5

(
2πG
P

)5/3
(1− e2)−7/2

(
1 + 73

24
e2 + 37

96
e4
) M1M2

M1/2

In edge-on systems, it’s possible to detect Shapiro time delay,
with parameters r (imagnitude) and s = sin i (shape).

17◦ yr−1 in PSR 0737
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PSR J0737-3039

PSR J0737-3039

Kramer et al. (2007)
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PSR J1614-2230

3.15 ms pulsar in 8.69d orbit with 0.5 M� white dwarf companion.
Shapiro delay tightly confines the edge-on inclination: sin i = 0.99984
Pulsar mass is 1.928± 0.017 M�
Distance > 1 kpc, B ' 1.8× 108 G

Demorest et al. 2010∆
t(
µ
s)
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Shapiro Time Delay

Shapiro delay produces a delay
in pulse arrival times

δS(φ)

2M2T�
= ln

[
1 + e cosφ

1− sin(ω + φ) sin i

]
with φ the true anomaly, the
orbital angular parameter
defining the position of the
pulsar relative to the periastron
position ω.

T� =
GM�
c3

= 4.9255 µs

δS is a periodic function with

approximate amplitude

∆S ' 2M2T�

∣∣∣∣∣ln
[(

1 + e sinω

1− e sinω

)(
1 + sin i

1− sin i

)]∣∣∣∣∣.
This is large only if sin i ∼ 1 or if both e and sinω are nearly unity.
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Although simple
average mass of
w.d. companions
is 0.23 M� larger,
weighted average is
0.04 M� smaller

Champion et al. 2008

Demorest et al. 2010
Fonseca et al. 2016
Antoniadis et al. 2013
Barr et al. 2016

Romani et al. 2012

vanKerkwijk 2010

Lattimer (2012)
stellarcollapse.org
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Black Widow Pulsar PSR B1957+20

A 1.6ms pulsar in circular 9.17h orbit with ∼ 0.03 M� companion.
The pulsar is eclipsed for 50-60 minutes each orbit; the eclipsing object
has a volume much larger than the secondary or its Roche lobe.
The pulsar is ablating the companion leading to mass loss and the
eclipsing plasma cloud. The secondary may nearly fill its Roche lobe.
Ablation by the pulsar leads to secondary’s eventual disappearance.
The optical light curve tracks the motion of the secondary’s irradiated
hot spot rather than its center of mass motion.

pulsar radial velocity

NASA/CXC/M.Weiss

eclipse
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Black Widow Pulsar PSR B1957+20

The peak radial velocity of the center of mass of component i is:

Ki = 2π
ai sin i

P

q =
MP

M∗
=

a∗
aP

=
K∗

KP

K∗ = Kobs

(
1 +

R∗

a∗

)
Companion’s hot spot has
a smaller orbit than its
center of mass.

MP = q(1+q)2 P

2πG

(
KP

sin i

)3

Modeling of light curve
shape suggests that

MP > 1.8M�, sin i < 66◦

Most probable values:

2.20M� < MP < 2.55M�

1.0 1.5 2.0 2.5 3.0
MPSR (M�)

0.020

0.025

0.030

0.035

0.040

0.045

M
C
o
m
p
(M

�)
i=
45
�

i=
60
�

i=
75
�

K 2
=
K ob

s

K L1
=
K ob

s

van Kerkwijk 2010

R ∗
→

0

R ∗
=
R L1
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Companion Light Curves and Radial Velocity
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System Masses

Radial velocity amplitudes:
Ki = 2πai sin i/P

Light curve shape ⇒ i ' 65± 2◦

K1 = 5.093 km/s, Kobs = 324±3 km/s

q = Mp/M∗ = K∗/Kp = a∗/aP

K∗ ' Kobs(1 + R∗/a∗)

G (MP +M∗)P2 = (4π)2(aP +a∗)3

RL1 = 0.46ap(1 + q)2/3

MP = q(1 + q)2 P

2πG

(
KP

sin i

)3

(
2π

P

)2
(aP sin i)3

G
=

(M∗ sin i)3

(MP + M∗)2
= 5.2×10−6M�
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van Kerkwijk 2010
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Another Black Widow Pulsar

Romani et al. 2012

PSR J1311-3430
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Pulsars
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Pulsars
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Pulsars
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