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Detection: Jocelyn Bell and Tony Hewish (1967)
Proposed: Rapidly Spinning Neutron Starts.

Pulse intensity fluctuations 

PSR B0950+08 
Pulse-to-pulse fluctuations 

Hankins & Cordes (1981) 

Individual pulses from PSR B0329+54  

400 MHz 

Manchester & Taylor (1977) 
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Hollow Cone Model

(Ruderman & Sutherland 1975; Oster & Sieber 1976)

Influence of Perturbations on Pulsar Radio Emission – p. 6/??
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Average pulsar profiles

Pulsar Radio Emission and Polarization – p. 4/32
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Gould (1994)
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Viewing Geometry of Pulsar Radio Emission
The visibility of pulsar radio emission is a geometric problem: Identify 
the “visible point” in the pulsar magnetosphere that an observer can see.
◆ Assumptions: 
◆ Magnetic field is dipolar
◆ Emission occurs only within the open-field region (polar cap)
◆ Emission is confined to a narrow beam around the direction of 

tangent to the magnetic field line (e.g., Jackson 1975)
◆ Two angles are deduced for a given pulsar: 

- Obliquity angle, α, between the magnetic axis and the rotation axis
- Viewing angle, ζ , between the line of sight and the rotation axis.
  Then the line of sight impact parameter  β  =  ζ -  α.
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The Tangent Model 

- (r, θ, ϕ),  relative to the magnetic axis (rotating frame), or 
- (r, Θ, Φ),     relative to the rotation axis (observer frame).     

Fig. 1.  Geometry of emission process

‘

    

Rotation phase ϕ'= Ωt.  The emission height r is determined: A/R effects (e.g., Gangad-
hara and Gupta 2001; Gupta and Gangadhara 2003; Gangadhara 2004, 2005).
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(

 =1    
Eq. for field line:     r = re sin 2θ            (Alfve ́n & Faltha ̈mmar 1963)

Position vectors:    rmag = r {sinθ cosϕ, sinθ sinϕ, cosθ}
                                   rlab   = r {sinΘ cosΦ, sinΘ sinΦ, cosΘ}

Transformation:    rlab = Λ . rmag , where  Λ =  
cosα cosϕ ' -sinϕ ' cosϕ ' sinα
cosα sinϕ ' cosϕ ' sinα sinϕ '
-sinα 0 cosα

Opening angle of the emission beam:                                       
                                  Γ = cos-1(cosα cosζ + sinα sinζ cosϕ ' )      

                  θ = 1
2 cos-1 1

3 cosΓ 8 + cos2 Γ - sin2 Γ

  ϕ = tan -1  sinϕ' sinζ
sinα cosζ-cosα sinζcosϕ' 

     
Rotation axis centered co-ordinates:

Θ = cos-1(cosα cosθ - sinα sinθ cosϕ)
Φ = tan-1 (sinα cotθ cscϕ sinϕ ' + cosα cotϕ sinϕ ' + cosϕ ') /

(sinα cotθ cscϕ cosϕ ' + cosα cotϕ cosϕ ' - sinϕ ')
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Slide 9 of 29 Spinning dipole

Phase

n(  · b
(
=1
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Slide 10 of 29 Emission Point Trajectory

Phase

Note that there is a recent claim that this motion is observable using interstellar hologra-
phy by Pen et al. (2014), and Yuen & Melrose (2014). 

The FAST can be combined with other telescopes to form a very long baseline interfer-
ometer (VLBI) network, which can be used to accurately locate emission regions of 
pulsar.
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Pulsar radio emission is coherent and highly polarized (e.g., Lyne &

Manchester 1988; Rankin 1990, 1993).

Rotating magnetic field induces a strong electric field which

accelerates relativistic charged particles (primary), which emit γ-rays.

Next, γ-rays create secondary pair (e+, e−) – plasma, which in turn

corotates with the magnetosphere (Ruderman & Sutherland 1975).

Radio emission models assume (1) radiation is emitted by the

relativistic plasma in the direction of field line tangents, and (2)

polarized in the plane of dipolar field lines.

Influence of Perturbations on Pulsar Radio Emission – p. 3/??
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               Incoherent Emission Mechanisms
◆ Single particle curvature radiation 
                         (e.g., Sturrock 1971;  Ruderman & Sutherland 1975; Gangadhara 2010; 
                                Wang, Wang & Han 2012)
◆ Cyclotron/Synchrotron radiation (e.g., Rybicki & Lightman 1979)
◆ Thermal radiation: Black body
◆ Inverse Compton Scattering (ICS) 
                        (e.g., Zhang,1 Hong, and Qiao 1999; Lv et al. 2011)
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Electric field of curvature radiation

Relativistic bunch emits radiation as it accelerates along the
curved trajectory. The radiation field at observer (Jackson
1975):

E(r, t) =
q

c

[

n̂× [(n̂− β)× β̇]

R ξ3

]

ret

, (2)

ξ = 1− β · n̂ the beaming factor,
β = v/c the velocity,

β̇ = a/c the acceleration ,
R is the distance from radiating region to observer,
n̂ = (sin ζ, 0, cos ζ) the sight line, and

ζ = α + σ the angle between n̂ and Ω̂.

Influence of Perturbations on Pulsar Radio Emission – p. 10/??
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R ξ3

]

ret

, (2)

ξ = 1− β · n̂ the beaming factor,
β = v/c the velocity,

β̇ = a/c the acceleration ,
R is the distance from radiating region to observer,
n̂ = (sin ζ, 0, cos ζ) the sight line, and

ζ = α + σ the angle between n̂ and Ω̂.

Influence of Perturbations on Pulsar Radio Emission – p. 10/??

Spectrum of Radiation

Spectrum of the radiation emitted can be estimated by
taking Fourier transformation:

E(ω) =
1√
2π

+∞
∫

−∞

E(t)eiωtdt . (3)

For polarization measurements, we need to specify two
reference directions perpendicular to n̂:

ϵ̂∥ = (− cos ζ, 0, sin ζ) ,
ϵ̂⊥ = ϵ̂∥ × n̂ = ŷ .

Components of E:

E∥ = ϵ̂∥ ·E = − cos ζ Ex + sin ζ Ez ,

E⊥ = ϵ̂⊥ ·E = Ey . (4)

Influence of Perturbations on Pulsar Radio Emission – p. 11/??
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Fig. 7. Simulated pulse profiles. For panels (a) and (c) used σθ = σφ = 0.14, 0.10, 0.07,

θp = 3.33◦, 3.66◦, 4.32◦, φp = 0◦, ± 30◦, ± 50◦, and f0 = 1, 0.75, 0.5, respectively, for

the Gaussians. Similarly, for panels (b) and (d) used σθ = σφ = 0.14, 0.06, 0.03,

θp = 3.33◦, 3.62◦, 4.38◦, φp = 180◦, 180◦ ± 16◦, 180◦ ± 26◦, and f0 = 1, 0.75, 0.5.

Influence of Perturbations on Pulsar Radio Emission – p. 20/??

Ω = 0,  J=0
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Coherent Emission Mechanisms
Antenna Mechanisms - emission by bunches

(e.g., Sturrock 1971; Ruderman & Sutherland 1975; Benford &

Buschauer 1977; Melrose 1981, 1992, 1993)

Plasma Instabilities - relativistic plasma wave emission

(e.g., Melrose & Stoneham 1977; Melrose 1979; Volokitin,

Krasnoselskikh & Machabeli 1985; Arons & Barnard 1986; Beskin,

Gurevich & Istomin 1986, 1988, 1993; Lominadze et al. 1986;

Kazbegi, Machabeli & Melikidze 1991; Asseo 1993; Luo, Machabeli &

Melrose 1994)

Maser Mechanisms - maser curvature emission

(e.g., Zheleznyakov & Shaposhnikov 1979; Chugunov &

Shaposhnikov 1988; Luo & Melrose 1992; Luo & Melrose 1994)

Influence of Perturbations on Pulsar Radio Emission – p. 7/??

The physical mechanism of pulsar radio emission remains still poorly understood. 
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30 Tridib Roy and R. T. Gangadhara
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Figure 9. Geometry for collective plasma radio emission from a cylindrical bunch in pulsar magnetosphere. The Cartesian
coordinate system-xyz is the observer frame whose origin is at the center of NS. m̂ is the magnetic axis which is inclined by an
angle ↵ with respect to spin axis ⌦̂. The line of sight of observer is n̂. The bunch dimensions (s0, ⇢0, ⌘0) are the length, radius
and height, respectively. ⇠0 is the radial width of bunch, and �c is the angle subtended by the position vector of an arbitrary
point in the bunch with respect to Y -axis. v and a are the center of momentum (CM) velocity and acceleration of the bunch.
The Cartesian coordinate system-XY Z is chosen in such way that X-axis is parallel to the line of sight n̂, �Y -axis is parallel
to the curvature vector k̂t and �Z-axis parallel to the bi-normal b̂nt. Tridib and Gangadhara (2019)
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The relativistic plasma bunches can support the growth and decay of plasma waves. 
They can coherently radiate  the radio waves due to curvature acceleration.
R0 = 4 kpc , α = 30 °, σ = 2 °, P = 1 s, γ = 500, n = 1012 cm-3

Coherent emission
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Incoherent emission
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The difference coherent and incoherent emission
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Brightness temperature (Cordes 1979): 

Radio emission in pulsar due to relativistic plasma 7

Brightness temperature or radiance temperature is the temperature of a black body in thermal equilibrium with
it’s surroundings would have to have been representing the observed intensity of a gray body object at a frequency ⌫.
This concept is used in radio astronomy and sometimes in planetary science too. The brightness temperature is not
a temperature as ordinarily understood. It characterizes radiation, and depending upon the mechanism of radiation
it can di↵er significantly from the physical temperature of a radiating body. Non-thermal radiation can have high
brightness temperature, for example observed pulsar luminosity corresponds high brightness temperature which ranges
from 1025 K to 1032 K roughly. The brightness temperature can be derived from Planck’s law in the limit of long
wavelength regime.
The relation between the Stokes parameter I and the flux density S⌫ is given (see Rybicki & Lightman 2004, Eq.

2.34),

S⌫ =
c

T
|E(!)|2 =

c

T
I, (6)

where T is defined as the average time scale over which electric field shows a significant variation, which is determined
by analysing the spectrum. In other words one can infer the correct value of T by analysing a portion of signal so that
a suitable frequency resolution �! ⇡ 1/T can be obtained. We estimate the brightness temperature using the formula
given by Cordes (1979):

Tb =
1

2kB

�
2
S⌫

(c�t/R)2
, (7)

where � is the wavelength of emitted radio signal, �t is same as T, and R is the distance between observer and pulsar.
Literature (e.g., Cordes 1979) suggests the value of �t is of the order of a few ms for sub pulses and 10 µs to 1 ms for
micro pulses. For main pulses we have taken the average duty cycle of pulse �t ⇡ T , which ranges from 0.1 s to 0.5 s
in the case of normal pulsars.
In Table 1, we have estimated the brightness temperature of a few pulsars (10) based on the data from ATNF

catalogue. In column 1 given the pulsar name, column 2 pulsar period, column 3 gives distance between pulsar and
observer, column 4 and 5 gives the flux density at 900 MHz and 1.4 GHz respectively, column 6 gives on pulse width
at 10% intensity level, and the columns 7 and 8 gives the estimate of brightness temperature.
In Table 2, we have estimated brightness temperature for multi-component profiles purely from

theoretical origin. If we compare the Tables 1 and 2, we can infer that theoretical estimates of brightness
temperature are roughly comparable with the observational data. However some di↵erences do exit
which could be due to parameters di↵erences. For example peak frequency of radio emission chosen in
our model is 1 GHz, whereas observational flux data are at 900 MHz and 1.4 GHz. Apart from that the
pulsar period is also slightly di↵erent, which can e↵ect the light cylinder radius, and hence the di-polar
field line constant as well. Another important factor of discrepancy between observation and theory
is the di↵erence between on pulse width, which can significantly vary depending upon geometrical
parameters likes as ↵, � and re and bunch dimensions. So without knowing the details of pulse period,
distance, magnetic axis inclination angle, line of sight impact angle, re and possibly plasma parameters
also, fine tune adjustment between theory and observation seems to be a di�cult task.
In Table 3 we have estimated brightness temperature for fully linearly polarized profiles from theo-

retical point of view. We see that brightness temperature in Table 3 are bit higher compared to those
reported in Table 2. This is because of the di-polar field line constant re chosen for profiles in Table 2
are bit larger compared to Table 3.
For our calculations we have assumed distance to the pulsar as R0 = 1 kpc, radio wave length � = 30 cm.

The peak value of I in Figure 4 is around 5.91⇥ 10�28 erg cm�3 Hz�1 s. If we plug in all these values in
Equation (7), then we get Tb ⇠ 3.2⇥ 1029 K. Similarly the Figure 6 give the peak value and 1.86⇥10�29

erg cm�3 Hz�1 s, which corresponds to the Tb around 3.35⇥1025 K, respectively. We observe that our
brightness temperature calculation based on I from Figures 10, 12, 14, and 16 are quite close to the
values as obtained in Table 1.
We have estimated the brightness temperature for sub-pulses (conal components) also in Table 2

which shows that their brightness temperature is comparatively more than the core component, as
their duty cycles are less. Though we have not simulated micro-pulses but we can guess that they can show even
higher Tb as their duty cycles are of the order of microsecond, and Tb is inversely proportional to the square of �t.
So the micro-pulses are expected to show even higher Tb compared to the sub-pulses.

where Sν = c
T Iν.
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Aberration of pulsar radiation
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Influence of Perturbations on Pulsar Radio Emission – p. 22/??

                  (Gangadhara 2005; Kumar and Gangadhara 2012; Wang , Wang and Han 2012)
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Retardation of pulsar radiation
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Influence of Perturbations on Pulsar Radio Emission – p. 23/??

                                                                                                            (Gangadhara 2005)
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PC–Current perturbation of Magnetic Field
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Influence of Perturbations on Pulsar Radio Emission – p. 28/??                                                           (Gangadhara 2005; Kumar and Gangadhara 2012b)
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Effect of rotation and polar cap currentGeometry
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Figure : Simulated pulse profiles with the nonuniform distribution of sources in both the polar and
azimuthal directions, after considering the perturbations by the rotation and PC–current. σ = 5◦,
rn = 0.1, f0 = 1, θp = 3◦.4, φP = 0◦.
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Figure : Simulated pulse profiles with the nonuniform distribution of sources in both the polar and
azimuthal directions, after considering the perturbations by the rotation and PC–current. σ = 5◦,
rn = 0.1, f0 = 1, θp = 3◦.4, φP = 0◦.

Rotation+PC-current

Figure 8: Simulated pulse profiles with the nonuniform distribution of sources in both the polar and azimuthal directions, after considering the 
perturbations by the rotation and PC–current with σθ = 5°, rn=0.1, f0=1, θp = 3.4°, φp =0°.                        Dinesh and Gangadhara (2013).
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◆ Pulsar radio emission is due to relativistic pair plasma accelerated along dipolar magnetic 

field lines.
◆ The coherent curvature radiation can explain most of the polarization characteristics of 

radio pulsars.
◆ By incorporating coherent mechanism in curvature emission we can explain the high 

brightness temperature of radio pulsars ~1025 K
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