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The Crab Pulsar's Very High 
Energy emission: Insights 
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Very High Energy Gamma-ray astronomy

,	LST-1,	ASTRI /LHAASO
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Surface/Volume Detectors: surveys
Moderate angular resolution (10’)
Large field of view (partial/all-sky)
Continuous monitoring

/LHAASO,	LST-1,	ASTRI

Very High Energy Gamma-ray astronomy
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IACTs: pointed 
observations
Excellent angular 
resolution (5’)
Small field of view (3-5 
degrees),
~15% uptime

/LHAASO,	LST-1,	ASTRI

Very High Energy Gamma-ray astronomy
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Very High Energy gamma rays
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The Crab Nebula
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• Remnant of the SN explosion in 1054 AD.

• Harbors one of the pulsars with highest 

spin-down power in the sky: PSR 
J0534+2200, E= 5×1038 erg s-1


• Distance 2 kpc.

• Strongest steady VHE gamma-ray source 

in the sky (standard candle), first source 
discovered (Whipple 1989).


• Broadband spectrum extends from radio 
to VHE gamma rays.


• At energies of tens of TeV we expect the 
spectrum to curve due to the transition to 
the Klein-Nishina regime.


• Variability (flares) reported by Fermi and 
AGILE satellites at MeV energies. 
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The Crab Nebula SED
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HESS collab., Nat. Ast., 4, 167 (2020)

• Broadband spectrum 
extends from radio to VHE 
gamma rays.


• Extends for more than 20 
decades in energy
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The Crab Pulsar SED
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• Lower energy coverage and 
intensity


• although brighter than the 
nebula at some energies
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Neutron stars emission regions
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• We detect pulsed emission ranging from 
radio to VHE gamma rays.


• Depending on how high in energy the 
spectrum is reaching, the acceleration 
will happen in a different region


• Polar cap models will have a sharp 
energy cutoff


• Slot gap/Outer gap and wind models 
will have higher energy cut-offs
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Crab Pulsar history in VHE γ rays

Aliu et al. (MAGIC Coll.), Science, 322 (2008)

• MAGIC discovered pulsed gamma-ray emission above 25 GeV (Science, 
2008, 322, 1221).

• Rules out polar cap and challenges 
slot gap
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• VERITAS detected this emission above 100 GeV (Science, 2011, 334, 69) 


Crab Pulsar history in VHE γ rays

• Locates the origin of the emission at 
larger distances, at least further in 
the magnetosphere


Aliu et al. (VERITAS Coll.), Science, 334 (2011)
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• MAGIC extended the spectrum up to 400 
GeV (A&A, 2012, 540, 69) and separately 
measured the spectrum of P1 and P2.
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J. Aleksić et al. (MAGIC Coll.), A&A. 540 (2012) 69 

Crab Pulsar history in VHE γ rays
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S. Ansoldi et al. (MAGIC Coll.), A&A, 585, A133 (2016)

• Discovery of emission up to TeV 
energies (2016).

• Outer gap and wind models are 
the only remaining options to 
explain this emission 

Crab Pulsar history in VHE γ rays
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• LST-1 of CTAO measured the spectrum from few tens of GeV up 
to hundreds of TeV (2024).

Crab Pulsar latest results

Abe et al. (LST Coll.), A&A, 690, A167 (2024)
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• Peak location does not 
significantly change


• P1 width drops until 10 
GeV and no variation 
beyond


• P2 width decreases above 
2 GeV

Crab Pulsar Peak Morphology
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• P1/P2 ration decreases up 
to 100 GeV


• ~constant above that 
energy

Crab Pulsar Peak Morphology



Rubén López-Coto - 26/11/24 - HONEST-III 17

Crab Pulsar BridgeJ. Aleksić et al.: Detection of bridge emission above 50 GeV from the Crab pulsar with the MAGIC telescopes
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 to 100 GeV (top), from 100 to 400 GeV (middle) and for the full analyzed
energy range (bottom). The bin widths around the peaks are 4 times smaller than the rest in order to highlight the sharpness of the peaks.
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV and 100 − 300 MeV gamma rays (from
top to bottom). The light curve at 50− 400 GeV is overlaid on each plot
for comparison. The optical light curve was obtained by the MAGIC
telescope using the central pixel of the camera (Lucarelli et al. 2008).
keV and MeV light curves are from Kuiper et al. (2001). 100−300 MeV
light curve was produced using the Fermi-LAT data.

significant difference is seen between different pulse phases. The
uncertainty in the absolute energy scale is estimated as 17%,
whereas the systematic error of the flux normalization is esti-
mated to be 18%. The difference of this number from the one
given in Aleksić et al. (2012b) is mainly due to a more precise
background estimation from the off-peak region.We estimate the
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Fig. 3. P2M/P1M ratio (black markers) and BridgeE/P1M ratio (red
markers) as a function of energy. At optical energies (a few eV), the
ratios are obtained using the central pixel of MAGIC camera. From 100
eV to 100 MeV, ratios are computed based on the light curves shown in
Kuiper et al. (2001). From 100 MeV to 30 GeV, Fermi-LAT data were
used.

overall systematic uncertainty uncertainty on the spectral slope
to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks (Fig-
ure 1). The flux ratios P2M/P1M and BridgeE/P1M increase with
increasing photon energy between 100 MeV and 400 GeV (Fig-
ure 2 and 3). Between 30 GeV and 400 GeV, the fluence in the
bridge phase is comparable to the one in the P1 phase (Figure 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.
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Table 1. Spectral Parameters

phase F1a [10−11MeV−1cm−2s−1] Γ1
a Eca [GeV] F100b [10−11TeV−1cm−2s−1] Γ2

b

P1M 9.09 ± 0.15 1.88 ± 0.01 3.54 ± 0.14 4.18 ± 0.59 3.25 ± 0.39
P2M 3.17 ± 0.07 1.98 ± 0.01 6.88 ± 0.62 8.48 ± 0.62 3.27 ± 0.23

BridgeM 8.05 ± 0.11 1.73 ± 0.01 6.74 ± 0.34 12.2 ± 3.3 3.35 ± 0.79
BridgeE 1.04 ± 0.04 1.43 ± 0.04 6.53 ± 0.85 3.7 ± 1.1 3.51 ± 0.97

(a) Spectral parameters obtained by fitting a function F(E) = F1(E/1GeV)−Γ1 exp(E/Ec) to Fermi-LAT data between 100 MeV and 300 GeV
(b) Spectral parameters obtained by fitting a function F(E) = F100(E/100GeV)−Γ2 to MAGIC data between 50 GeV and 400 GeV
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Fig. 4. Energy spectra of Crab Nebula, P1M, P2M, BridgeM and BridgeE
measured with Fermi-LAT (below 50 GeV) and MAGIC (above 50
GeV)

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere, because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models have been the most
probable explanation of such pulsed γ-rays (Watters & Romani
2011; Harding et al. 2008; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-
tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC. But in this
scenario, the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although a synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 106 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their paper,

the observed P2/P1 ratio in VHE could be reproduced if one con-
siders an anisotropic wind.

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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Aleksić, J., Alvarez, E. A., Antonelli, L. A., et al. 2012b, Astroparticle Physics,
35, 435

Aliu, E., Anderhub, H., Antonelli, L. A., et al. 2008, Science, 322, 1221
Arka, I. & Dubus, G. 2013, A&A, 550, A101
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Bednarek, W. 2012, MNRAS, 424, 2079
Chkheidze, N., Machabeli, G., & Osmanov, Z. 2013, ApJ, 773, 143
Fierro, J. M., Michelson, P. F., Nolan, P. L., & Thompson, D. J. 1998, ApJ, 494,
734

Harding, A. K., Stern, J. V., Dyks, J., & Frackowiak, M. 2008, ApJ, 680, 1378
Hirotani, K. 2011, ApJ, 733, L49
Hirotani, K. 2013, ApJ, 766, 98
Hobbs, G. B., Edwards, R. T., & Manchester, R. N. 2006, MNRAS, 369, 655
Kuiper, L., Hermsen, W., Cusumano, G., et al. 2001, A&A, 378, 918
López Moya, M. 2006, PhD thesis, Universidad Complutense de Madrid,
https://magicold.mpp.mpg.de/publications/theses/MLopezMoya.pdf

Lucarelli, F., Barrio, J. A., Antoranz, P., et al. 2008, Nuclear Instruments and
Methods in Physics Research A, 589, 415

Lyne, A. G., Pritchard, R. S., & Graham-Smith, F. 1993, MNRAS, 265, 1003
Moralejo, A., Gaug, M., Carmona, E., et al. 2009, ArXiv e-prints
Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS, 199, 31
Nolan, P. L., Arzoumanian, Z., Bertsch, D. L., et al. 1993, ApJ, 409, 697
Takata, J., Chang, H.-K., & Shibata, S. 2008, MNRAS, 386, 748
Tang, A. P. S., Takata, J., Jia, J. J., & Cheng, K. S. 2008, ApJ, 676, 562
Venter, C., Johnson, T. J., & Harding, A. K. 2012, ApJ, 744, 34
VERITAS Collaboration, Aliu, E., Arlen, T., et al. 2011, Science, 334, 69
Watters, K. P. & Romani, R. W. 2011, ApJ, 727, 123

Article number, page 4 of 5

 J. Aleksić et al. (MAGIC Coll.), A&A, 565 (2014) L12 

The bridge emission was 
significantly detected above 50 
GeV


J. Aleksić et al. (MAGIC Coll.), A&A, 565 (2014) L12 

50-100 GeV

100-400 GeV

50-400 GeV

MAGIC measured for the first time VHE 
emission from the bridge region between 
the two peaks extending beyond 100 GeV
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Crab Pulsar Bridge

LST-1 closed the gap at the 
lowest energies


Abe et al. (LST Coll.), 
A&A, 690, A167 (2024)
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Interpretation

• Two options to explain the VHE 
gamma-ray emission


• Single component reaching 
TeV energies


• Two components (below/
above ~10’s of GeV)


• Not possible to reach TeV 
energies via synchro-curvature 
emission


• IC on soft photon fields?

S. Ansoldi et al. (MAGIC Coll.), A&A, 585, A133 (2016)
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Future
• Major future facilities covering 

the VHE gamma-ray sky


• CTAO will perform a better 
measurement in the ~tens of 
GeV energy range


• Will we be able to 
distinguish between one or 
two components?


• At the highest energies, CTAO 
remains the only facility with 
enough sensitivity below ~10 
TeV
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• The Crab pulsar has been an origin of surprises in the VHE gamma-ray 
band for more than 15 years.


• The origin of the VHE gamma-ray emission still remains an open 
question 


• Single component extending up to TeV energies?

• Two components originated in different regions?


• The first pulsar measured in the multi-GeV and TeV energy range

• Still worth studying to understand the VHE gamma-ray emission of 

pulsars


Summary
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Thanks!
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Lightcurve
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(A couple of)VHE pulsar models

Aharonian, F. et al., Nature 482 (2012) 507 

Hirotani, K., ApJ, 766 (2013) 98 

VHE gamma rays are produced inside the 
magnetosphere in an “outer gap”


It can explain the spectrum extending up to 
400 GeV and also the bridge emission if the 
magnetic field also has a toroidal component.

It proposes that VHE gamma-rays are 
produced in the wind region.


Predicts bridge emission but broader 
peaks than observed.

Cold ultrarelativistic wind

Outer gap


