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TEV Astronomy with Cherenkov telescopes

• Big effective area ➠ photon statistics 
• Energy range (~50 GeV up to  >10 TeV) 
• Angular resolution: 0.1 deg
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TEV Astronomy with Cherenkov telescopes: MAGIC

• Big effective area ➠ photon statistics 
• Energy range (~50 GeV up to  >10 TeV) 
• Angular resolution: 0.1 deg
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17 m diameter 
carbon-fiber structure 

70 tons 
2-4 GHz sampling 

in operation since 2003  
stereo since 2009

FoV: 3.5 deg 
Energy: 50 GeV - 10 TeV 
Slewing: 7 deg/s 
Ang.res: <0.1° 
Sensitivity: ~0.8% Crab flux 
in 50h (>220GeV)



The VHE (E>100 GeV) gamma-ray sky
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http://tevcat.uchicago.edu

http://tevcat.uchicago.edu


Blazar Flares and discoveries in 2019-20 by MAGIC
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~thermal emission  
(Host galaxy)

Synchrotron
Inverse Compton

SED of a gamma-ray source: AGN/blazar

TeV emission dominated by 
the non-thermal continuum 
emission 


• Inverse Compton in 
leptonic models


• in blazars, jet emission is 
relativistically boosted
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Synchrotron
Inverse Compton

SED of a gamma-ray source: AGN/blazar

TeV emission dominated by 
the non-thermal continuum 
emission 


• Inverse Compton in 
leptonic models


• in blazars, jet emission is 
relativistically boosted


• Hadronic models (photo-
meson production, 
proton-synchrotron....)


➡ high-energy neutrinos
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Chasing the astrophysical sources of neutrinos and cosmic rays

Candidates astrophysical sources 

• Jets in blazars 
• hadronic acceleration in shocks


• Starburst galaxies

• CR formation from SN explosions 

and interaction with ISM


• Galactic Winds

• mildy relativistic

• molecular outflow

• CR interactions and cascades
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Active Galaxy
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High energy neutrino event 
Uncertainties on direction < 1 deg



The "-! connection in TXS 0506+056

✦ Relatively small angular uncertainty of the HESE !  event 

✦ The blazar TXS 0506+056 only plausible candidate 

✦ Time correlation: TXS 0506+065 in " high-state
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MAGIC

Fermi/LAT

C H A N C E  C O I N C I D E N C E  F O R  T H E  A S S O C I AT I O N  R E J E C T E D  AT  3 %  L E V E L

Science 361, eaat1378 (2018) 

MAGIC follow-up 
program on neutrino 

alerts



Extreme blazars: hadronic accelerators?

๏ Standard blazar models 
constrain the high-energy SED 
peak below 1 TeV 

๏ Extreme TeV-blazars, with 
peak energy > 1TeV are ideal 
targets for IACTs 

๏ Possible interpretation with 
hadronic models: limits on 
neutrino emission
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expected neutrino 
emission

✦ MAGIC coll., ApJS (2020), 247 New hard-TeV 
extreme blazars detected with the MAGIC telescopes 

✦ MAGIC coll, (2019) MNRAS, 490 Testing emission 
models on the extreme blazar 2WHSP J073326.7+515354 
detected at VHE with MAGIC

✦ MAGIC coll., ApJS (2020), 247



Chasing the astrophysical sources of neutrinos and cosmic rays

Candidates astrophysical sources 

• Jets in blazars 
• hadronic acceleration in shocks


• Starburst galaxies

• CR formation from SN explosions 

and interaction with ISM


• Galactic Winds 
• mildy relativistic

• molecular outflow

• CR interactions and cascades
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Chasing the astrophysical sources of neutrinos and cosmic rays

NGC 1068 as neutrino emitter? 
• prototypical	Seyfert-II	galaxy	(D=14.4	Mpc)		

• composite	starburst/AGN	galaxy	(MBH≈107Msun)		

• Luminous	infrared	galaxy	LIR=2.8x1011Lsun		

• High	luminosity	(LAGN=1044-1045	erg/s)	  
high	obscured	(NH>1024	cm-2)	AGN	

๏ 125 hours of observations with MAGIC from 
January 2016 to January 2019 based on 
proposal and models in Lamastra+2016, 2019 


๏ MAGIC upper limits constrain the wind 
models parameters and the corresponding 
neutrino emission.
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MAGIC coll., (2019) ApJ, 883  
Constraints on Gamma-Ray and Neutrino Emission 
from NGC 1068 with the MAGIC Telescopes  

Starburst

Jet
Wind

MAGIC UL

wind model from 
Lamastra+2016



Chasing the astrophysical sources of neutrinos and cosmic rays

NGC 1068 as neutrino emitter? 
• IceCube	all	sky	search	for	E	>	~	TeV	neutrino	

excess	in	10	years	of	data	

• NGC	1068	as	most	significant	candidate	
• To	match	the	estimated	neutrino	flux	and	the	

MAGIC	UL,	gamma	internal	absorpXon	is	
needed	(e.g.	Y.	Inoue+,	2020,	ApJL,	891)	

๏ 125 hours of observations with MAGIC from 
January 2016 to January 2019 based on 
proposal and models in Lamastra+2016, 2019 


๏ MAGIC upper limits constrain the wind 
models parameters and the corresponding 
neutrino emission.
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IceCube coll., 2019, Phys.Rev.Lett., 124

MAGIC UL

Neutrino spectrum

NGC 1068



Aeff~105	m2

MAGIC as a transient facility

• Big effective area ➠ photon statistics 
• Low energy threshold (~50 GeV) 
• Angular resolution: 0.1 deg
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104 Fermi/LAT

MAGIC

1 min                          1 hr

Sensitivity for GeV-TeV bursts

MAGIC:	
Aeff~105	m2duty	cycle	

~100%

duty	cycle	~10%

FoV: 3.5 deg 
Energy: 50 GeV - 10 TeV 
Slewing: 7 deg/s 
Ang.res: <0.1° 
Sensitivity: ~0.8% Crab flux 
in 50h (>220GeV)

Slewing: 7 deg/s 



GRB190114C: a brief story of firsts

• 1st GRB detected at the 
teraelectronvolt (TeV) energies 

• 1st GRB observed over 20 orders of 
magnitude in energy 

• 1st GRB with unambiguous 
detection of a new energetic 
emission component distinct from 
synchrotron 

• 1st single broad-band modeling of 
a GRB including both components 

• Brightest TeV source in the sky 
ever detected
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Fireball model of GRBs
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Fireball model of GRBs
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External Shock 

• B-amplification?  
• Synchrotron; SSC?

light curve

prompt

afterglow

SED 
(!F!)Before GRB190114C: 

Single component up to GeV energies 
synchrotron emission

&~100÷1000
relativistic beaming



GRB 190114C: the detection of TeV emission

• Long GRB at z=0.425 (GCN #23695 #23708) 

• Eiso = 3x1053 erg; bright GRB, but not 
exceptional 

• MAGIC telescopes on target at T0+50s 
• observations in the afterglow phase 
• Total observing time 4.25 hrs 

• Brightest TeV source ever! 

• VHE photons detected by MAGIC, at 
>100 GeV up to ~1TeV  are well 
beyond the burnoff limits

20

 

MAGIC	coll.,	Nature,575,455-458(2019)		
https://www.nature.com/articles/s41586-019-1750-x	

"burnoff" limits 

ISM

MAGIC events

wind

light curve



GRB190114C: the high energy SEDs
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MAGIC	Coll.	et	al.,	Nature,575,459-463(2019)		
https://www.nature.com/articles/s41586-019-1754-6	

Fermi/LAT



GRB190114C: modeling with SSC afterglow radiation

• First modelling of broad-band and TeV emission from a GRB!
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SSC model
synchrotron

MAGIC	Coll.	et	al.,	Nature,575,459-463(2019)		
https://www.nature.com/articles/s41586-019-1754-6	

IC

 MAGIC  
Cherenkov Telescopes

Fermi/LAT



GRB 190114C: LIV studies

• Delay 't between photons with different 
energy 'E


• Two assumptions on the shape of the 
temporal distribution of  TeV photons 
(step function and observed light curve)


• Likelihood analysis to constrain ( and 
thus the limits on the quantum energy 


• Limits second order: ~ Mrk501 (larger 
energies > TeV); 


• first order: less constraining than limits 
from GRB090510 (larger distance)
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comoving 
distance

> Planck energy 
by a factor (

correction order

MAGIC Coll., 2020, Phys. Rev. Lett., 125

s=+1,-1 super-, 
sub-luminal

s=-1 s=+1



GRB190114C: the era of GRB in the TeV domain

• First clear and strong detection of a GRB in the 
TeV with high photon statistics  

• Hint of detection on the short GRB160821B 
by MAGIC (S. Inoue, ICRC 2017; K. Noda, Texas Symposium 
2017; Berti et al., 2019, Proc. MG15) 

• z=0.16; recently associated to a kilonova             
Lamb et al. 2019 arXiV:1905.02159, Troja et al. arXiV:1905.01290
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Credits: A. Berti

C O M P E L L I N G  F O R  F U T U R E  
T E V- D E T E C T I O N  O F             

G W  C O U N T E R PA RT S !

K. Noda, Texas Symposium 2017

GRB160821B

Preli
minary

paper in preparation
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MAGIC coll., A&A 635, A158 (2020)

larger 
collection area

large ZA 
observations

small ZA 
observations MAGIC 

low-ZA

MAGIC 
large-ZA

CTA

100 TeV

• MAGIC observes the Crab Nebula in 
the 100 TeV domain 
• MAGIC coll., A&A 635, A158 (2020)  

• Extend the spectrum > 100 TeV with 
the large zenith-angle technique 
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• MAGIC observes the Crab Nebula in 
the 100 TeV domain 
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• Extend the spectrum > 100 TeV with 
the large zenith-angle technique 
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MAGIC coll., A&A 635, A158 (2020) 
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collection area

large ZA 
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observations

100 TeV

Crab TeV spectrum
56hr



The future of the TeV astronomy: The Cherenkov Telescope Array
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The future of the TeV astronomy: The Cherenkov Telescope Array

29

MST (!12m)
SST (!4m)

LST (!23m)

https://www.cta-observatory.org

CTA North site (La Palma, Spain)

CTA South site (Los Armazones, Chile)

https://www.cta-observatory.org


LST 
prototype

MAGIC-1MAGIC-2

Live webcam

http://www.lst1.iac.es/webcams.html

http://www.lst1.iac.es/webcams.html
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https://www.cta-observatory.org/lst1-detects-vhe-emission-from-crab-pulsar/


The very first source detection made by CTA!
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https://www.cta-observatory.org/astri-detects-crab-at-tev-energies/

OSSERVATORIO ASTRONOMICO DI ROMA

8	May	2019



The medium size Schwarzschild-Couder telescope, detects Crab Nebula
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https://www.cta-observatory.org/sct-detects-crab-nebula/

1	June	2020



Science prospects with CTA

• Science cases are described in the book "Science with the 
Cherenkov Telescope Array", 2019, CTA consortium,  World 
Scientific Publishing Co. Pte. Ltd., . ISBN #9789813270091 
arxiv:1709.07997 


• Consortium papers: specific cases are reviewed within the 
consortium, according to new observational and theoretical 
insight and with the brand-new simulations.


• "Pre-construction estimates of the Cherenkov Telescope 
Array sensitivity to a dark matter signal from the Galactic 
centre" arXiv:2007.16129


• "Monte Carlo studies for the optimisation of the Cherenkov 
Telescope Array layout" AstroP.Phys, 2019, 111; 


• "The gravitational wave follow-up program of the 
Cherenkov Telescope Array" arXiv:1908.08393 (proceed.)


• More to come!
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https://ui.adsabs.harvard.edu/link_gateway/2020arXiv200716129C/arxiv:2007.16129
https://ui.adsabs.harvard.edu/link_gateway/2019ICRC...36..790S/arxiv:1908.08393


Call for proposals with MAGIC open to external scientists

MAGIC Cycle 16 call for proposals


Observations: from 2021 January 25th to 2022 
January 23rd


Deadline for submission: 23rd October 2020 
➡ Contact the Physics coordinator before 2nd October


Guide for proposal preparation and submission:                                             
https://magic.mpp.mpg.de/outsiders/magicop/
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https://magic.mpp.mpg.de/outsiders/magicop/


END
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 Precision and statistics: EBL measurement

MAGIC coll., MNRAS acc., Measurement of the Extragalactic Background Light using 
MAGIC and Fermi-LAT gamma-ray observations of blazars up to z = 1 https://arxiv.org/
abs/1904.00134

• Sum contribution of 32 spectra of blazars


• Combined spectrum of Fermi/LAT and MAGIC
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https://arxiv.org/abs/1904.00134


Rencontres de Blois ⚜ 2-7 June 2019                 	 	                	 	 	 	 	 	 	 	     Antonio Stamerra (INAF-OAR)

 P R E C I S I O N  A N D  S TAT I S T I C S :  E B L  M E A S U R E M E N T

• Sum contribution of 32 spectra of blazars 

• Combined spectrum of Fermi/LAT and 
MAGIC 

• Different intrinsic spectral models 

• Studies on systematics 
• intrinsic models 

• instrument response
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MAGIC coll., MNRAS acc., Measurement of the Extragalactic Background Light using 
MAGIC and Fermi-LAT gamma-ray observations of blazars up to z = 1 https://arxiv.org/

abs/1904.00134

https://arxiv.org/abs/1904.00134
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E B L  
D E N S I T Y

MAGIC coll., MNRAS acc., Measurement of the Extragalactic Background Light using 
MAGIC and Fermi-LAT gamma-ray observations of blazars up to z = 1 https://arxiv.org/

abs/1904.00134

https://arxiv.org/abs/1904.00134

