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Very High Energy Gamma-ray astronomy
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Very High Energy Gamma-ray astronomy

TeV Gamma Ray Telescopes
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Surface/Volume Detectors: surveys
- Moderate angular resolution (10°)
__________________ Large field of view (partial/all-sky)

§§§§§ “|Continuous monitoring
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Very High Energy Gamma-ray astronomy

TeV Gamrrlg-;qu_"!'elescopes
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Very High Energy gamma rays
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The Crab Nebula

® 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= 5x1038 erg s
® 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.

e \Variability (flares) reported by Fermi and
AGILE satellites at MeV energies.
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The Crab Nebula SED

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

10-7. A Crab Nebula © Crab Pulsar

o ® |ower energy coverage and
= intensity
. ® although brighter than the
5 nebula at some energies
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Neutron stars emission regions

Light cylinder

= 1o0stellarradi - FRotation M
® \\e detect pulsed emission ranging from /\\D
radio to VHE gamma rays. /\ —
field
® Depending on how high in energy the / Polar
spectrum is reaching, the acceleration | region
will happen in a different region NeuTen &
® Polar cap models will have a sharp -l
energy cutoff T Closed
e Slot gap/Outer gap and wind models .
will have higher energy cut-offs
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Crab Pulsar history in VHE vy rays

o MAGIC discovered pulsed gamma-ray emission above 25 GeV (Science,

2008, 322, 1221).
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Crab Pulsar history in VHE vy rays

o VERITAS detected this emission above 100 GeV (Science, 2011, 334, 69)
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® | ocates the origin of the emission at
larger distances, at least further in
the magnetosphere
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VERITAS, this work
Fermi (Abdo et al, 2010)

MAGIC (Aliu et al. 2008)

MAGIC (Albert et al. 2008)
CELESTE (De Naurois et al. 2002)
STACEE (Oser et al. 2001)
HEGRA (Aharonian et al. 2004)
Whipple (Lessard et al. 2000)
Broken power law fit

Exponential cutoff fit
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Crab Pulsar history in VHE y rays
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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.

(a) Crab Pulsar, P1+P2
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Crab Pulsar history in VHE vy rays

® Discovery of emission up to TeV
energies (2016).
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Crab Pulsar latest results

o | ST-1of CTAO measured the spectrum from few tens of GeV up
to hundreds of TeV (2024).

P1
10—10 ]
'T: 10—11
= ‘T‘E
304000(P1| [Bridge| [P2 P1 5
/ o
303000 1 (| Tobs=103.6 h g 107
W
(| o
. P1: 10.50 =
302000 L P2: 12.10 .I N% ------- Sub-Exponential Cutoff PWL model T
301000 - Pl + P2: 1520 W 03] Smoc?th Broken PWL model
" Bridge: 5.70 - Fermi-LAT
2 @ LST-1
© 300000 - < MAGIC (Ansoldi et al. 2016)
Rkt MAGIC (Aleksic et al. 2012)
299000 - 107 ' P2
10—10
298000
297000 )
296000 - , , , | , . ‘ T 1071
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 ‘T‘E
Pulsar phase C
o
L
3 10712
r;% ------- Sub-Exponential Cutoff PWL model
W —— Smooth Broken PWL model j—'
4+  Fermi-LAT
$ LST-1 _+_
10-13] % MAGIC (Ansoldi et al. 2016)
MAGIC (Aleksic et al. 2012)

0.1 1 10 102 103
Energy [GeV]

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

ANDALUCIA OCHOA

’@*"535‘5753%5 ? CSIC Rubén Lopez-Coto - 26/11/24 - HONEST-III 14



Crab Pulsar Peak Morphology

P1 FWHM vs Reconstructed Energy
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Crab Pulsar Peak Morphology

P1 FWHM vs Reconstructed Energy
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Crab Pulsar Bridge
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Crab Pulsar Bridge
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Interpretation
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S. Ansoldi et al. (MAGIC Coll.), A&A, 585, A133 (2016)

CSIC

® [wo options to explain the VHE
gamma-ray emission
® Single component reaching
TeV energies
® [wo components (below/
above ~10’s of GeV)

® Not possible to reach TeV
energies via synchro-curvature
emission
® |C on soft photon fields?
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Interpretation

® [wo options to explain the VHE

gamma-ray emission

® Single component reaching
TeV energies

® [wo components (below/
above ~10’s of GeV)

E? dE(:iT\ 5 [Tev cm? s

® Not possible to reach TeV

energies via synchro-curvature

s I I
10 : 0 o2 10° emisSIon |
Eneigy (Ga] e |C on soft photon fields?

S. Ansoldi et al. (MAGIC Coll.), A&A, 585, A133 (2016)
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Interpretation

® [wo options to explain the VHE
gamma-ray emission

- ] . ] —
Eo0tE . e Single component reaching
< BT - TeV energies
= NN e Two components (below/
w 1078 ‘7 above ~10’s of GeV)

- \ :

e remivaree \ E ® Not possible to reach TeV
° i \\ E enelrgiles via synchro-curvature
015 L e emission

Eneigy (il ® |C on soft photon fields?
S. Ansoldi et al. (MAGIC Coll.), A&A, 585, A133 (2016)
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Future

® Major future facilities covering

o === CTAO Sensitivity North 50h === ASTRI 200h the VHE gamma-ray Sky
‘— CTAO Sensitivity South 50h = | HAASO 1yr

el \ T EYT 1 e CTAO will perform a better
— ¢ measurement in the ~tens of
Do GeV energy range
S e Wil we be able to
= / distinguish between one or
21077 two components?
< "

10713 ® At the highest energies, CTAO

remains the only facility with
I [0, bl | | enough sensitivity below ~10
0.01 0.1 1 10 100 Tev

Energy [TeV]
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Fermi-LAT + LST-1 joint fit (E > 100 MeV)

Summary g

H
<
L

E2dN/dE (erg - cm™2s~

—— P1 Smooth Broken PWL model
—— P2 Smooth Broken PWL model
-134 W P1 Fermi-LAT

# P1LST-1

< P2 Fermi-LAT

@ P2 LST-1

Jury
o

10—14 H ; .
107! 10° 10! 102 103
Energy (GeV)

® T[he Crab pulsar has been an origin of surprises in the VHE gamma-ray
band for more than 15 years.

® T[he origin of the VHE gamma-ray emission still remains an open
guestion
® Single component extending up to TeV energies”
® [wo components originated in different regions”

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

e Still worth studying to understand the VHE gamma-ray emission of
pulsars
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? HONES |

HOT TOPICS IN HIGH ENERGY ASTROPHYSICS

3The high end of

Pulsar spectra

\

/

Thanks!
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Lightcurve

P1

Not visible Volcano eruption Not visible
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—-— Integral flux from MAGIC+Fermi-LAT SED (Ansoldi et al. 2016)
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(A couple o) VHE pulsar models

Cold ultrarelativistic wind
A It proposes that VHE gamma-rays are

i = S08 (i word produced in the wind region.

Poynting-flux-dominated wind

\

I, =103
R =106m ! / e'e
- = /
Magnetosphj:a\J\N\}(
| o

\

Predicts bridge emission but broader
peaks than observed.

\

Wind acceleration zone
Termination shock
Non-thermal nebula

Outer gap

Kinetic-energy-dominated wind

« magnetic dipole | ny]] surface
Q | axis open zone ~ i magnetic

/

/

Aharonian, F. et al., Nature 482 (2012) 507 : e
. ) NS ‘ v .' ""20-500 GeV
VHE gamma rays are produced inside the / e Q120 Gev
' i 9 i <100 MeV

magnetosphere in an “outer gap % pulsed
| ot

It can explain the spectrum extending up to light cylinder

400 GeV and also the bridge emission if the lightoylmistmdng -~
L . @, =3x10%(£2/10%rads™!) cm
magnetic field also has a toroidal component.

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