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q  Highly magnetized [108-1014G], rapidly 
rotating neutron stars [ms - s] 

q  Spinning down as a result of magnetic 
dipole radiation (Spindown Luminosity) 

q  Particles and magnetic lines co-rotate with 
the star out to the Light cylinder 

q  Acceleration of charged particles take place 
in vacuum gaps in the magnetosphere 

What a pulsar is 
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q  Young 33ms period 
pulsar, laying in the 
center of the Crab 
Nebula at ~2kpc 

q  Most powerful pulsar 
known with a 
spindown luminosity 
of Ė=4.6×1038erg.s-1 

q  Detected and studied across all the electromagnetic spectrum 

q  Double peaked Light Curve, composed of main pulse (P1) and interpulse 
(P2) with a bridge emission component in between 

q  Test bench for any pulsar emission model 

The Crab Pulsar 
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q  HE gamma-ray emission is produced via curvature radiation 

   Maximum energy limited by:  

 1) magnetic absorption  

 2) radiation losses 

 

q  Leading to spectral cutoffs at few GeV 

q  ~150 pulsars detected by Fermi-LAT show spectral cutoffs 

Crab pulsar spectral cutoff: 5.8±0.5stat±1.2sys GeV 

 

Consensus view 
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q  HE gamma-ray emission is produced via curvature radiation 

   Maximum energy limited by:  

 1) magnetic absorption  

 2) radiation losses 

 

q  Leading to spectral cutoffs at few GeV 

q  ~150 pulsars detected by Fermi-LAT show spectral cutoffs 

Crab pulsar spectral cutoff: 5.8±0.5stat±1.2sys GeV 

MAGIC and VERITAS came up with new VHE measurements reporting a single 
power-law spectrum between 25 and 400 GeV  º	
  

Consensus view 
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excess events and thus the intensity ratio of P2/P1 is 2.4 ± 0.6. If one assumes that the 

differential energy spectra of P1 and P2 above 25 GeV can each be described with a 

power law, F(E) ~ EĮ
, and that the intensity ratio is exactly unity at 25 GeV (16), then the 

spectral  index  Į  of  P1  must  be  smaller  than  the  spectral  index  of  P2  by 

ĮP2 - ĮP1 = 0.56±0.16.

We measured the gamma-ray spectrum above 100 GeV by combining the pulsed excess 

in the phase regions around P1 and P2. This can be considered a good approximation of 

the phase-averaged spectrum because no “bridge emission”, which is observed at lower 

energies, is seen between P1 and P2 in the VERITAS data. However, the existence of a 

constant flux component that originates in the  magnetosphere cannot be excluded and 

would be indistinguishable from the gamma-ray flux from the nebula. Figure 2 shows the 

VERITAS phase-averaged spectrum together with measurements made with Fermi-LAT 

and  MAGIC.  In  the  energy  range  between  100  GeV  and  400  GeV  measured  by 

VERITAS, the energy spectrum is well described by a power law F(E) = A(E/150 GeV)
Į
, 

with A = (4.2 ± 0.6stat +2.4syst -1.4syst) x 10
-11

 TeV
-1
 cm

-2
 s

-1
 and Į = -3.8 ± 0.5stat ± 0.2syst. At 

150 GeV, the flux from the pulsar is approximately 1 % of the flux from the nebula. The 

detection of pulsed gamma-ray emission between 200 GeV and 400 GeV, the highest 

energy flux point, is only possible if the emission region is at least 10 stellar radii from 

the star’s surface (24).

Fig. 2. Spectral energy distribution (SED) of the Crab pulsar in gamma rays. VERITAS flux measurements are shown by the solid  

red circles, Fermi-LAT data (13) by green squares, and the MAGIC flux point (16) by the solid triangle. The empty symbols are upper 

limits from CELESTE (25), HEGRA (26), MAGIC (17), STACEE (27), and Whipple (29). The bowtie and the enclosed dotted line 

give the statistical uncertainties and the best-fit power-law spectrum for the VERITAS data using a forward-folding method. The 

result of a fit of the VERITAS and Fermi-LAT data with a broken power law is given by the solid line and the result of a fit with a 

power-law spectrum multiplied with an exponential cutoff is given by the dashed line. Below the SED we plot Ȥ2 values to visualize 

the deviations of the best-fit parametrization from the Fermi-LAT and VERITAS flux measurements. 
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q  Two main and accepted models: 

I.  Magnetospheric cascade model (Aleksic et 
al. 2011, 2012b): Emission due to IC 
scattering on IR-UV photons at high altitude 
within the light cylinder 

II.  Pulsar wind model (Aharonian et al. 2012): 
Emission due to IC on X-ray photons in the 
pulsar wind region  

Explaining the VHE tail 
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reduction of the Compton cross-section due to the Klein–Nishina
effect means that the X-ray band is the main contributor to the
Comptonization of the wind. The X-ray flux is well measured up to
100 keV (ref. 14) and therefore the calculations of the inverse-
Compton radiation depend basically on the site and the dynamics
(speed) of transformation of the Poynting flux to kinetic energy of
bulk motion.

We assume that at a distance Rw from the pulsar, the wind is
accelerated to the Lorentz factor Cw (Fig. 2). Particles of the accelerated
wind cannot move purely radially, because the wind should carry both
the energy and the angular momentum lost by the pulsar. From the
relation between the rotation energy (Erot) and angular momentum
(Mrot) losses, _Erot~V _Mrot, where V is the angular velocity of the
rotating sphere and a dot denotes a time derivative, we can define
the trajectory of the wind particles. Indeed, each particle of the wind
carries energy Cwmc2 and angular momentum CwmrHv, where m, rH
and v are the particle’s mass, lever arm and speed, respectively, and c is
the speed of light. Because CwmrHvV 5 Cwmc2, particles in the
accelerated wind move along straight lines, tangent to the light
cylinder. Therefore, all photons emitted by the magnetosphere will
collide with electrons of the wind at a non-zero angle, h, resulting in
inverse-Compton c-rays. The c-ray production efficiency depends on
the electron Lorentz factor, the density of the target photons and the
interaction angle. Because the cold wind carries almost the entire spin-
down luminosity, even a tiny efficiency of about k < 1026 should be
sufficient to produce detectable c-rays at an energy flux level of
FE~k _Erot=4pd2<10{15 J m{2 s{1, where d < 6 3 1019 m is the dis-
tance to the Crab.

Generally, the light curve of the target photons should be reflected in
the time structure of the inverse-Compton c-ray signal; however, they
cannot be identical, owing, for example, to the effects related to the
specifics of the anisotropic inverse-Compton scattering. More impor-
tantly, the geometrical effects may lead to non-negligible differences
between the arrival times of the target photon and the secondary c-ray
pulses (Fig. 3). For wind located close to the light cylinder, the c-ray
signal seems shifted in time relative to the reported c-ray data, by
Dt < 0.1T. By contrast, for wind acceleration at Rw 5 30RL, the widths
and the positions of the predicted and observed c-ray peaks (P1 and
P2, respectively) are in very good agreement. However, whereas in
the case of the isotropic wind the predicted P1/P2 flux ratio of the
c-ray signal mimics the X-ray light curve15 (Fig. 3, black crosses),
the reported c-ray data7,9 seem to correspond to a smaller ratio,
P1/P2 , 1. This can be explained by there being a non-negligible wind

anisotropy, which would introduce noticeable corrections to the shape
of the c-ray light curve in general and to the P1/P2 ratio in particular
(Fig. 3). The large uncertainties in the present c-ray data prevent us
from a reaching a strong conclusion in this regard, but the improve-
ment of the quality of VHE c-ray light curves should in future allow the
strength and the character of the wind anisotropy to be decisively
probed.

GeV c-rays have a light curve10 that is essentially different from the
reported VHE light curves7,9. This can be interpreted as a result of the
production of GeV and TeV c-rays in regions well separated from each
other. This conclusion is supported by the spectral energy distribution
of the time-averaged GeV and TeV signals. As demonstrated in Fig. 1,
the entire c-ray region can be considered a superposition of two sepa-
rate components. Indeed, by introducing a new, flat-spectrum VHE
component of the Comptonized wind, in addition to the nominal
(magnetospheric) GeV component, the reported data in the GeV-to-
TeV energy intervals can be smoothly matched.

Although inverse-Compton c-rays are produced by mono-energetic
electrons, the spectral energy distribution of c-rays in the range of tens
to hundreds of GeV is quite flat. This is caused by the combination of
effects related to the broad power-law distribution of seed photons and
the transition of the Compton cross-section from the Thomson regime
to the Klein–Nishina regime. On the other hand, the spectrum is
expected to have a very sharp cut-off at E 5 Cwmc2. This not only
can serve as a distinct feature for the identification of the wind origin
of c-rays, but also should allow us to determine the Lorentz factor of
the wind. In fact, the measurements available at present do not allow
strong deviation of the Lorentz factor from 5 3 105. We note that the
calculations do not depend on the ‘magnetization parameter’ s (the
ratio of the electromagnetic energy flux to the kinetic energy flux) as
long as Rw?RL. However, formally we can explain the pulsed VHE
emission even for s $ 1. In this case, the acceleration should occur
closer to the pulsar (Rw / 1/s1/2) to compensate for the reduction in
the wind’s kinetic energy. But in this case, the inverse-Compton c-ray
radiation is expected to have quite different spectral and temporal
features.

The above estimates of the location of wind’s acceleration site and its
Lorentz factor are quite robust, but they are obtained under the
assumption that the transformation of the Poynting flux proceeds
very quickly, at a specific radius between Rw and Rw 6 dRw with
dRw/Rw # 1. This is not an obvious assumption, but is instead a
working hypothesis that the wind acceleration takes place in a narrow
zone at the radius Rw < 30RL. We cannot a priori exclude the possibility
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Figure 2 | Complex comprising the pulsar
magnetosphere, the ultrarelativistic wind and the
pulsar wind nebula. Dense electron (e2)–positron
(e1) plasma produced in the pulsar magnetosphere
by pair creation processes19 initiates an electron–
positron wind at the light cylinder, which has
radius RL < 106 m. Initially, the rotational energy
lost by the pulsar, _Erot~5|1031 J s{1, is released
mainly in the form of electromagnetic energy
(Poynting flux) and the wind’s Lorentz factor
therefore cannot be very large. At a distance Rw, the
Poynting flux is converted to the kinetic energy of
bulk motion (green zone), leading to an increase in
the bulk-motion Lorentz factor to at least20

Cw < 104. The termination of the wind by a
standing reverse shock at Rsh < 3 3 1015 m boosts
the energy of the electrons to 1015 eV and
randomizes their pitch angles2. The radiative
cooling of these electrons through the synchrotron
and inverse-Compton processes results in an
extended non-thermal source21–23, the Crab nebula.
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q  2 telescopes of 17m diameter surface  

q  Located in the Canary Island of La Palma (Spain) at 2250m above sea 
level 

q  Fine pixelized cameras with 3.5º FoV 

q  Angular resolution <0.1º 

q  Energy threshold of 50 GeV 

MAGIC IACT telescopes 
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q  All data was re-analyzed, data spreads over 7 years 

q  It was divided into 19 data sub-samples to account for differences in the 
hardware and observations settings 

q  Mono Observations (2004-2009): 97 hours 

q  Stereo Observations (2009-2014): 221 hours  

Total of 320 hours of excellent quality data  

Crab observations with MAGIC telescopes       
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Phase ranges from Aleksic et al. 2012b, 2014: 

Pulse profile detected 
7	
  

TeV	
  

P1	
  at	
  2.8sigma	
  	
  

P2	
  at	
  5.6sigma	
  

P1	
  at	
  2.2sigma	
  	
  

P2	
  at	
  6.0sigma	
  



Up to 1.7 TeV 

Spectral energy distribution 
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q  Spectra described by a single power-law for both components 

αP2=3.1±0.2stat±0.3sys	
  

αP1=3.5±0.4stat±0.3sys	
  



Single power-law with 
photon indeces: 

   P1: α=3.5±0.1   
       (χ2/ndf=1.7/4) 

   P2: α=3.1±0.1  
       (χ2/ndf=5.3/7) 

Spectral energy distribution 
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q  Joint correlated fit of MAGIC and Fermi-LAT above 10GeV 

Demands a single production mechanism for P1 and P2 from 10 GeV to ~2 TeV 



q  TeV photons must be emitted: 

      - at least at 25 stellar radii 

 

      - by a population of electrons with a Γ > 5×106  

      - via Inverse Compton Scattering 

 

Curvature radiation can be ruled out due to very large required curvature 
radii (RC~100 RLC) 

What are the implications? 
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q  In order to constrain the emission site two theoretical scenarios 
are entertained: 

 1. Magnetospheric synchrotron self-Compton model 

 2. IC in the pulsar wind region model 

Constraining the emission site    
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Neutron
star

e+

Observer

�~107

RLC 6

RTS 9 RLC

�

e -e - e+ �
�

�

Primary particles (γ~107) 
emit MeV – GeV photons via 
synchro-curvature radiation 
which are observed below 
tens of GeV (A)      

Magnetospheric synchrotron self-Compton model   
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Neutron
star

e+

Observer

�~107

RLC 6

RTS 9 RLC

�~104

e+-
e -e - e+ �

�

�

A fraction of them get 
absorbed and produce 
secondary pairs with  γ~104 
that radiate synchrotron eV 
– MeV emission (C)      

Magnetospheric synchrotron self-Compton model   
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Neutron
star

e+

Observer

�~107

RLC 6

RTS 9 RLC

�~104

e+-
e -e - e+

B)
�~107

�~107

�~10 4-6

C) T h e e V p h o t o n s a r e 
upscat tered v ia IC by 
primary positrons producing 
GeV – TeV photons (B)      

Magnetospheric synchrotron self-Compton model   
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Neutron
star

e+

Observer

�~107

RLC 6

RTS 9 RLC

�~104

e+-
e -e - e+

B)
�~107

�~107

C)

�~10 4-6

 (B), in turn, are absorbed by 
the same IR photon field 
producing secondary pairs 
with γ~104-7 
 

The SSC component of this 
population is observed up to 
few TeV (D)      
	
  	
  	
  	
  	
  	
  

Has difficulties to reproduce 
the pulse profile (peak 
separation becomes too 
small) 

Magnetospheric synchrotron self-Compton model   
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Neutron
star

e+

Observer

wind region

�>10
6

�~10
7

RLC 6

RTS 9 RLC

�

e+-e -e -
e+

�

Pulsar 

Particles are abruptly 
accelerated to γ>106 
in a narrow zone in 
the pulsar wind region 

IC in the pulsar wind region model   
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Neutron
star

e+

Observer

wind region

�>10
6

�~10
7

RLC 6

RTS 9 RLC

�~104

e+-

e+-

e -e -
e+

�

Pulsar 

This relativistic wind 
gets illuminated by the 
p u l s e d e V – M e V 
photons or ig inat ing 
f r o m t h e p u l s a r ’ s 
magnetosphere (C) 

IC in the pulsar wind region model   
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Neutron
star

e+

Observer

wind region

�>10
6

�~10
7

RLC 6

RTS 9 RLC

�~104

e+-

e+-

e -e -
e+

�

Pulsar 

I n  t h e  w i n d 
acce lera t ion zone 
gamma-rays up to TeV 
energies are produced 
via IC scattering (E) 
on the x-ray photons 
(C)   	
  

IC in the pulsar wind region model   
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Neutron
star

e+

Observer

wind region

�>10
6

�~10
7

RLC 6

RLC

RTS 9 RLC

�~104

e+-

e+-

e -e -
e+

�

Pulsar 

The Lorentz factor 
γ>106 implies that the 
acce le ra t i on zone 
must at least reach out 
to 70 RLC      
 
 
Underestimate the flux 
below 100 GeV 
 
Has d i f f icu l t ies to 
reproduce the peak 
ratio    

IC in the pulsar wind region model   
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q  MAGIC detected the most energetic pulsed photons from the Crab, up to 
about 2 TeV 

q  Above 400 GeV, the detected pulsed emission mainly comes from the 
interpulse (6σ) 

q  P2 power-law spectrum extends up to ~2 TeV with a photon index of 3.5, 
whereas P1 could not be measured beyond 700 GeV 

q  The detection of TeV photons from the Crab pulsar implies that they are 
emitted: 

 1) via inverse Compton scattering 

 2) by electrons with Lorentz factors above 5×106  

 

à MAGIC results require a revision of the models to explain how and where 
such energetic pulsed emission is produced 

Conclusion 
20	
  

TeV	
  


