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• The discovery of over 200 LAT pulsars opened a new window 
in understanding the properties of pulsars.

• Though more numerous discoveries have been made in radio, 
the high energy (LAT and beyond) γ-ray regime is important 
because their peak luminosity lies in this band.

• Their increased detections allow employment of statistical 
studies to determine the fundamental aspects of their 
structure and radiation emission. 

• The high energy γ-ray regime is important because there is 
where their peak luminosity lies.





• In parallel, the development of global pulsar magnetosphere models 
provides the possibility of relating the observed pulsar 
characteristics to the physics of these global models.

• Q: How many parameters do we need to describe the population 
properties of pulsars?

For an individual pulsar these are

While the main observables are  

Q: Are all four of the main observables independent? (Make connection 
with a similar situation in galaxies where the observables (M,L), R and V, because 
they are related by the virial relation are on a plane, the Fundamental Plane; 
however this plane is almost perpendicular to the M-V plane and its projection 
produces the Tully-Fisher and Faber-Jackson relations).

Under some simple assumptions about the maximum electron energy and their 
density, Kalapotharakos et al (2019) showed that



While analysis of the data has shown that the relation 
obeyed by these parameters is, i.e. a 3D plane in the 4D 
parameter space of the form 
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The Fermi pulsar  Fundamental Plane

However, besides their main observables, the pulsar spectra 
are rather diverse



The Scientific Method

It is a capital mistake to theorize before one has 
the data. Insensibly, one begins to twist facts to 
suit  theories, instead of theories to suit facts.

Sir Arthur Conan Doyle

It is also a good rule not  to put too much 
confidence in experimental results, until they have 
been confirmed by theory.

Sir Arthur Eddington

First you get your facts; then you can distort them 
at your leisure. 

Mark Twain
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More on the Pulsar Spectra

• The detailed SED morphology (this becomes more prescient 
with the discovery of ~ TeV emission)

• Number of pulses per cycle

• Number of pulses as a function of energy/wavelength

• Spectral properties as a function of phase.

• Etc?



Examples of multi-wavelength observations (EGRET).  We need a similar compilation for 
the pulsars of Fermi-LAT. 



• The situation is not unlike another class of astrophysical 
high energy population, namely AGN.

• AGN have myriads of facts at a wide range of frequencies 
which somehow obey some general relations.

• It may be instructive to make comparisons and borrow tools 
that can be applied across the disciplines, considering they 
both involve high energy emission.

• Here is a list comparing properties of these very separate 
classes:



• Multiwavelength spectra

• 3D Geometry

• Non-thermal emission

• Rotation Powered

Pulsars AGN 

Yes   yes

Yes   yes

Yes   yes, no

Yes   no ??



PDS 456 PG 1211+143 NGC 4151                3 Radio Quiet AGN



IC dominance

S-dominance

Mkn 501 Mkn 421

Mkn 421

3C 273BL Lac

4 Radio Loud AGN



SSC, ECSynchrotron (?) Synchr., Curvat. (?)
Synchr., Curvature 
SSC, EC  (?)



The spectrum of the Vela pulsar

??



Optical Emission The pulsed Crab emission (ignoring the radio)  spans 13 decades



• Given the similarity of the spectra the following questions 
arise:

• 1. Does the spectral similarity in the two classes imply similarity 
between the corresponding emission processes? 

• 2 Is the blazar non-thermal emission powered also by rotation (of a 
black hole than a neutron star)?

• 3. Do we have to reconsider our views on the process responsible 
for the pulsar γ-rays or the blazar synchrotron?



While fitting individual blazar spectra requires 4-6 parameters, the LAT ensemble is effectively a 
one parameter family, the dimensionless accretion rate (which relates also to the density of the 
surrounding wind as given in Contopoulos & Lovelace 1994, critical to produce the EC normalization)

Boula, DK, Mastichiadis 2018





Multi-parameter situation in AGN (optical spectra, X-ray and 
radio properties)

In AGN Principal Component 
Analysis has been employed to 
determine the eigenvectors of the 
correlation matrix of the 
multitude of the AGN properties 
(Boroson & Green 1992; Boroson
2002)

Is something similar possible with 
the pulsar with the multitude of 
the pulsar properties ?



• The Principal Components (the eigenvectors of the correlation matrix)  
contain most of the variance of line and continuum properties



Boroson 2002

RQ

RL

Eventual classification of the entire AGN pop in terms of the 
two eigenvector values 
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Need a source of pairs!!



Where and How??

( )

(+)

e+

e-



A Radiative Instability Reaction Network
Applied to AGN and GRB (DK, Mastichiadis, Georganopoulos 02, 06, 09)

R

Pg e+e-

eB Bg

Proton

e+ or e-

Photons produce e+e- of 
energy ε~bγ2 interacting with 
relativistic p

e+e- produce Ν=γ/bγ2=1/bγ
photons by synchrotron

The photons of energy ε~bγ2

can e+e- produce on the p frame 
if bγ3 > 2 (kinematic threshold)

The situation becomes supercritical if the blob column of pγ to e+e- is 
grater than 1/N or nσR > 1/N ~ bγ. Then the entire energy in p’s is 
converted to photons on time scales R/c .

ε in mec
2 units, b= B/Bcr



• A similar instability is possible in a unscreened electric field 
(Voltage), which plays the role of the proton free energy 
and the B-γ or γ-γ opacity providing the criticality condition. 

• The increase in carrier density reduces the voltage and 
hence the photon energy. The lowering of photon energy 
allows reduction of pair formation, reducing the carrier 
density, increasing the voltage, to find eventually a steady 
solution.

• The magnetic field structure plays a role in this respect 
because the curvature photons are emitted along the field 
tangent.



Crosses low field

Crosses high field



• The B-γ mean free path is given by: 1/L ~ 

• The energy ε in units of mec
2 and of B’ in Bcr

Harding & Lai 2006



• For the Crab the LC field is ~ 10^6 G. We can ask the 
question of what γ-ray energy will have mfp L~ RLC, in 
direction perpendicular to the rotation axis. Directions of 
higher inclination go thru higher B-field and have shorter 
mfp.

B~ 10^8 B~ 10^6 B~ 10^7 

mec
2



• However, we need the mfp to be (1/N)RLC where N is the 
number of curvature photons

N~ γ mec
2/γ3 hΩ ~ mec

2/γ2 hΩ ~ 1019/γ2 for the Crab

Solving graphically we obtain the critical γ values for which 
their curvature photons will obey the dynamical threshold i.e. 
they can initiate a cascade to produce the necessary pairs

B~ 10^6, γ ~4 107 B~ 10^8,   γ ~ 107



• It is opacity to pair production (either 
on photons or B-field that determines 
the number of pairs produced, which 
in turn determines the value of the 
accelerating E-field and the particle 
energy.

• This was estimated in K+2017 
demanding that the accelerated 
particle produce the observed Fermi 
cut-off energies by curvature 
radiation.



Summary - Conclusions – Questions (personal)

• Great progress in understanding the dynamics and structure of pulsar 
magnetospheres!

• Q1: Does this suffice to explain the observed phenomenology? Do we 
need only minor adjustments in our models and more detailed 
calculations (more of whether this is feasible the next days).

• Q2: With global magnetospheric models at hand, have we been 
asking the right questions? Can we calculate breaking indices?

• Q3: How many parameters we need to describe the pulsar 
phenomenology? How many would be satisfied with?

• Thank you!!


