
2 Pulsars

• Two more key properties of neutron stars can be identified, connecting C & O,
Sec. 16.7them to their observational manifestation, pulsars.

∗ They rotate rapidly. Angular momentum conservation during core col-
lapse establishes IΩ as a constant of the evolution. Hence, as I ∼ MR2

and Ω = 2π/P , we expect a period/radius relation as follows:

Pns ∼ P�

(
Rns

R�

)2

. (12)

This leads to periods of 10−3 seconds!

∗ They possess intense fields. Magnetic flux conservation during core col-
lapse yields

Φ =

∫
S

~B. ~dA ∼ 4πR2B (13)

as a constant of the evolution. Hence we expect

Bns ∼ B�

(
R�
Rns

)2

, (14)

i.e. of the order of 1010 – 1012 Gauss for solar-type fields in the progenitors.

• Pulsars were first observed in 1967 by Hewish and Bell, leading to the
Nobel Prize in physics for Hewish. They are mostly radio pulsars, with some
2500 observed so far in all wavebands, many in the Parkes multi-beam survey
and also precipitated by the Arecibo upgrade.

Plot: Pulsar Signal from PSR B1919+21 and Geometry

They exhibit periodic signals, with a period range mostly constrained to

0.002 sec <∼ P <∼ 10 sec
(15)

This period is not constant, but slowly and steadily increases in time, leading
to a key observable Ṗ ≡ dP/dt .
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The Pulsar Phenomenon
Spin-powered pulsars: rotating, magnetized neutron stars.

1967: discovery of pulsars by 
Jocelyn Bell and Antony Hewish

Typical picture of rotating neutron star.

Slide: courtesy of David Thompson

PSR B1919+21



• There are over 3000 radio pulsars, around 60 X-ray pulsars, and around
30 optical pulsars known to date. The launch of Fermi in June 2008 led to
the detection of over 300 gamma-ray pulsars (December 2025 count).

Pulsars reside predominantly in or near the galactic plane, the notable ex-
ception being millisecond pulsars (MSPs) in globular clusters.

Plot: Pulsar Sky Distribution circa 2023

• Pulsar periods cannot be orbital in character: they are too short, yielding
Keplerian orbits of semi-major axis a <∼ Rns � Rwd � R� .

∗ Binary neutron stars could work, but inspiral due to radiative and grav-
itational effects would lead to Ṗ < 0 , contrary to observations of Ṗ > 0 in
the pulsar majority (exception: episodic spin-up in millisecond pulsars).

∗ Pulsars are not pulsating stars: sound crossing times for white dwarfs
yield periods P ∼ 1/

√
Gρ ∼ 103sec � Ppsr , and for neutron stars give

P ∼ 1/
√
Gρ ∼ 10−4sec � Ppsr .

• The rotating neutron star model for pulsars is the only viable one, and has
become widely accepted. Pulsars cannot spin arbitrarily fast; the centripetal
acceleration cannot exceed the gravitational one, otherwise break-up will
occur. The criterion for rotational stability is therefore

(ΩR)2 <∼
GM
R

⇒ P ≡ 2π
Ω

>∼ 2π

√
R3

GM
(16)

which is just under a millisecond for neutron stars.

• The most luminous band for emission by pulsars is actually gamma rays,
and Fermi-LAT has detected just over 300 gamma-ray pulsars above 100
MeV in energy. The most powerful of these are the Vela and Crab pulsars,
both discovered as radio pulsars in 1968.

Plot: Vela Pulsar Light Curve
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The Galactic Pulsar Population

l

b

Third Fermi Pulsar Catalog (Smith et al., ApJ 958:191, 2023)

2023

MSPs, thought to be spun up to rapid periods via accretion
from a companion (Alpar et al. 1982), although, e.g., the
accretion-induced collapse of white dwarfs might also create
MSPs (Gautam et al. 2022a).

All known gamma-ray pulsars are rotation-powered pulsars
(RPPs): LAT has not yet detected accretion-powered pulsars nor
the magnetars that populate the upper-right portion of the PP�
plane, for which the dominant energy source is magnetic field
decay (Parent et al. 2011). An interesting exception is an LAT
detection of a few photons for a few minutes from an
extragalactic magnetar giant flare (Ajello et al. 2021a). The
locations of all 294 gamma-ray pulsars on the sky are shown in
Figure 3. The PP� diagram shows diagonal lines of constant E� ,
τc, and BS derived from the timing information as follows.
For an orthogonal rotator, the magnetic field on the neutron
star surface at the magnetic equator (the rotation pole)

is Q� qB I c PP R PP1.5 2 3.2 10 GS 0
3 1 2

NS
3 19( ) ( )� � � . The

“characteristic age” U � P P2c ( )� assumes that magnetic dipole
braking is the only energy-loss mechanism, that the magnetic
moment and inclination do not change, and that the initial spin
period was much less than the current period. τc thus
approximates true age well for some young pulsars, and poorly
for MSPs. We set the neutron star radius to RNS= 10 km, and c
is the speed of light in a vacuum.
The fourth Fermi-LAT source catalog (Abdollahi et al.

2020), and specifically Data Release 3 (DR3; Abdollahi et al.
2022, hereafter 4FGL)110 characterizes 6658 point and
extended sources using 12 yr of LAT data. Half of the sources
are various blazar classes of active galactic nuclei, but a third

Figure 2. Pulsar spindown rate, P� , vs. the rotation period P. Green dots indicate young, radio-loud (RL) gamma-ray pulsars and blue squares show “radio-quiet” (RQ)
pulsars, defined as S1400 < 30 μJy, where S1400 is the radio flux density at 1400 MHz. Red triangles are millisecond gamma-ray pulsars. Black dots indicate pulsars
phase-folded in gamma-rays without significant pulsations. Phase-folding was not done for pulsars shown by gray dots. Orange triangles are radio MSPs discovered at
the positions of previously unassociated LAT sources, hidden by red triangles when gamma pulsations were subsequently found. The rest are listed in Table 6, and
plotted with � q �P 5 10 22� when P� is unavailable. The solid black diagonal is the radio deathline of Equation (4) of Zhang et al. (2000). Shklovskii corrections to P�
have been applied only to gamma-ray MSPs with measured proper motion (see Section 4.3).

Figure 3. Pulsar sky map in Galactic coordinates (Hammer projection). Symbols are the same as in Figure 2.

110 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog
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Energy-Dependent Pulse Profiles - Vela


Abdo et al.	


2009 ApJ, 
696, 1089.	





2.1 Radio Pulse Dispersion

• Pulsar radio signals are dispersed by free electrons in the ISM, and this
dispersion is frequency-dependent. High frequency emission (∼ 1.4 GHz)
arrives slightly before lower frequency light (∼ 440 MHz):

Plot: Pulse Dispersion from PSR 1641-45

The energy information or Poynting flux propagates at the group velocity

vg ≡
dω
dk

= c

(
1−

ω2
p

ω2

)1/2

≈ c

(
1−

ω2
p

2ω2

)
. (17)

Herein, ω2
p = 4π〈ne〉e2/me is the square of the electron plasma frequency

ωp , and n ≈ 1 − ω2
p/(2ω

2) is the refractive index. Accordingly, high fre-
quency EM waves arrive from a distant pulsar before ones of lower frequency
do. The relative delay compared with waves of infinite frequency (essentially
satisfied by gamma-rays) is

∆t(ω) =

∫ d

0

dl
vg
− d
c
≈ 1

c

∫ d

0

ω2
p

2ω2 dl =
2πe2

mec
DM
ω2 . (18)

The line-of-sight value of 〈ne〉 forms the dispersion measure,

DM =

∫ d

0

ne dl . (19)

Thus, d = DM/〈ne〉 , and this useful pulsar distance estimate is accurate
to the level that the Galactic ISM electron density (heavily influenced by
clumped HII regions) can be known, generally around a factor of 2 or so.

The typical scale of the time delays is

∆t(ω) = 2.14

(
ν

0.44 GHz

)−2(
ne

0.1 cm−3

) (
d

1 kpc

)
sec , (20)

for fiducial ISM parameters and a representative radio observation frequency
ν = 2πω = 440 MHz. While the net delay generally exceeds the pulse period,
what is most relevant is that the relative delay over a small frequency band,
for which ∆ν/ν � 1 .
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Pulse Dispersion 
for PSR 1641-45

• Dispersion of the 1380-1700 MHz 
pulses for PSR 1641-45.  Observe the 
clean quadratic dependence on n-2.

• From Lyne & Graham-Smith Pulsar 
Astronomy (1990, Cambridge Univ. Press).

P=0.455sec
n

Dt ⍺ n-2



2.2 Pulsar Rotational Spin-Down

• Since the quasi-dipolar field structure is generally obliquely oriented with C & O,
pp. 597-9respect to the spin axis (with angle α 6= 0 ), pulsars spin down due to mag-

netic dipole radiation (vacuum solution):

dE
dt

= −8π4B2R6
ns sin2 α

3c3P 4 ≡ 1
2
d
dt

(
IΩ2

)
(21)

Here I ∼ 2MnsR
2
ns/5 ∼ 1045 g cm2 is the neutron star moment of inertia.

Plot: Rotating Dipole Model Geometry

Setting Ω = 2π/P , Eq. (21) can be solved for P (t) ∝ t1/2 , and inverted to
derive observational inferences for the polar field strength

Bp sinα = 6.4× 1019
√
P Ṗ Gauss

(22)

from pulsar spin characteristics. This is the conventional method for deter-
mining pulsar field estimates. Uncertainties pervade it due to the assumed
I value (an EOS issue) and non-vacuum contributions to the torque.

Plot: P - Ṗ Diagram for Pulsars

• The same solution can be used to define the characteristic age or spin-
down lifetime for a pulsar:

τ =
P

2Ṗ
. (23)

These ages can be compared with expansion/dynamical ages of associated
supernova remnants in dozens of cases.

The solution also determines the spin-down luminosity Ė ≡ dE/dt , which
is generally found to be in the range of 1032 <∼ Ė <∼ 1038 erg/sec in the X-ray
and gamma-ray wavebands, and somewhat lower in the radio. This element
means that the electromagnetic torque that extracts angular momentum
from the spinning star also extracts energy in the form of coherent Poynting
flux at a frequency Ω/2π radiated to infinity, along with plasma.
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Isolated Pulsar P-Pdot Diagram: Fermi era

• The phase-space plot for pulsars. Dipole field strength Bp inferences scale as the 
observable (P Pdot)1/2.  Nearly 30 magnetars. Many young and millisecond g-ray pulsars.

Bp=1013 Gauss

Credit:
A. Harding

Bp=109 Gauss



3 X-ray Pulsars and the Eddington Limit

While radio and gamma-ray emission from pulsars necessarily comes from
their magnetospheres, the X-rays mostly come from their stellar surfaces,
which are typically at temperatures T ∼ 105.5 − 106.5 K, with the exception
of magnetars, which have T ∼ 107 K.

• A central question is why do X-ray pulsars never have surface temperatures
higher than around 107 K and why do they never have luminosities in excess
of 1038 erg/sec? The answer is that for the atmospheric layers to stably exist
in the hydrostatic equilibrium, the radiation pressure cannot be too great.

To determine the potential influence of radiation pressure on neutron star
atmospheric gas, the starting point is estimating the radiative force per unit
volume in the Thomson scattering domain. This is of magnitude

|f | ≈ neσT

c

∫
Iν dΩ dν . (24)

This presumes that electrons of number density ne are the primary targets
for radiation scattering with cross section σT = 8πr20/3 . For a spherical star
of radius R , the integrated intensity can be coupled to the net luminosity
to yield a total radiative force on a volume V = 4πR2h of gas

|f |V ≈ neV σT

c
L

4πR2 . (25)

Let the target gas be of mass mg = ρgV , where the mass density of hydrogen
gas is given by ρg ≈ mpne (this can be quickly adjusted to Fe). The gravi-
tational force on the target gas is of magnitude GMmg/R

2 . This must bind
the gas to the stellar surface and so must be directly compared via an in-
equality to Eq. (25). In so doing, ne , R and V all cancel when rearranging
this inequality, and the result is the luminosity bound

L ≤ LEdd ≡
4πGMmpc

σT

= 1.25× 1038 M
M�

erg/sec , (26)

the famous Eddington limit luminosity. This depends only on the mass
of a star, and not on its radius.
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• If LX exceeds LEdd , the radiation will blow off the outer layers of the star.
Accordingly, stable X-ray emission from the stellar surface must be below this
limit. It can in fact exceed the spin-down luminosity, and sometimes does
(e.g. magnetars), and may or may not provide a dominant torque on the star
that would drive its spin-down.

∗ Employing a Planck spectrum, the fundamental radiation pressure bound
4πR2σT 4 < LEdd solves to give T <∼ 2 × 107 K (i.e. around 1 keV) for
R = 106 cm and M = 1.44M� . This delivers the essential reason why X-ray
pulsar surface temperatures are in the range they are.

• A majority of X-ray pulsars are in compact binary systems, known as X-
ray binaries, where the neutron star accretes gas from its companion. The
infalling gas can set up accretion shocks above the magnetic poles where gas
and radiation pressure balance. This sets up a circumstance where higher
radiation temperatures are possible in X-ray binaries, and they are generally
bright above 10 keV.

Plot: X-ray binary accretion geometry

• Accretion onto neutron stars transfers angular momentum to them so as
to cause spin-up to larger frequencies Ω . This is believed to be the predom-
inant channel for evolution of old pulsars (> 1 Gyr) to become fast-spinning
millisecond pulsars.
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X-ray Binary Accretion Geometry

• Two neutron star accretion scenarios, one where intense radiation pressure 
from the surface stalls accretion inflow to form a shock in the column above 
the surface (left), and on the right a low radiation case with no stalling.

Schoenherr et al. (2007)




