
R I S U LT A T I  R E C E N T I  E  P R O S P E T T I V E  
D E L L ' A S T R O F I S I C A  D E L L E  A LT E  E N E R G I E  
E  P A R T I C E L L A R E

A N T O N I O  S T A M E R R A   
O S S E R V A T O R I O  A S T R O N O M I C O  D I  R O M A

1LXIII Congresso della Società Astronomica Italiana - Accademia dei Licei, Roma                                                         15 maggio 2019



OSSERVATORIO ASTRONOMICO DI ROMA

VERY-HIGH ENERGY GAMMA-RAY ASTRONOMY, TODAY

2A N T O N I O  S T A M E R R A  -  O A R  
LXIII Congresso della Società Astronomica Italiana - Accademia dei Licei, Roma, 15 maggio 2019



Extreme energies
• Crab Nebula 

• VHE covers three orders of magnitude in energy
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MAGIC	coll.,	J.	Aleksić.	et	al.,	Journal	of	
High	Energy	Astrophysics,		5		(2015)	30-38.		
arXiv:1406.6892
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Extreme energies
• Crab pulsar
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	 MAGIC	Coll.	2008,	Science	322	
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Extreme energies
• Crab pulsar
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MAGIC	Coll.	2014	A&A	565	
MAGIC	Coll.	Ansoldi+2016	

	 MAGIC	Coll.	2008,	Science	322	
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Precision VHE astronomy: angular resolution
• Measurement of Crab extension 

of gamma-ray emission

6

Crab	Nebula
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H.E.S.S.,	M.	Holler	et	al.	
arXiv:1707.04196

Gamma-ray	PSF

Distribution	of	gamma	rays	
relative	to	Crab	direction

Gamma-ray	size	of	Crab	Nebula:	52”±3”±8”	

Crab	Nebula

Credits: W. Hoffmann (CTA-Symposium)

angular distance 𝜃2



THE VHE GAMMA-RAY SKY
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The VHE gamma-ray sky

http://tevcat.uchicago.edu

http://tevcat.uchicago.edu


The VHE gamma-ray sky
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Variability
• VHE emission in gamma-ray blazars varies FAST! 
• Which emission process? 
• Where is the emission region?
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IC310 
Flux doubling time 4.8 min

Aleksić	et	al,	2014,	Science,	346,	1080	



Variability and MWL coverage
• VHE emission in gamma-

ray blazars varies FAST! 
• Which emission process? 
• Where is the emission 

region? 
• Multifrequency 

coverage is needed 
• Coordination

12MAGIC Collaboration. et al., A&A,  619  (2018) A45.   
 https://doi.org/10.1051/0004-6361/201832677

 "Multi-wavelength characterization of the 
blazar S5 0716+714 during an unprecedented 

outburst phase." 

https://doi.org/10.1051/0004-6361/201832677
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EBL MEASUREMENT WITH 
TEV BLAZARS
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EBL: extragalactic Background Light



 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


• Different intrinsic spectral shapes/models
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https://arxiv.org/abs/1904.00134


 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


• Different intrinsic spectral models


• Studies on systematics 
• intrinsic models

• instrument response
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https://arxiv.org/abs/1904.00134


VHE astronomy in the multi-messenger domain: 
The blazar-neutrino connection
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Atmospheric  
background

290 TeV

IC-170922A



The 𝛾-𝜈 connection in TXS 0506+056
✦ Relatively small angular uncertainty of the HESE 𝜈  event


✦ The blazar TXS 0506+056 only plausible candidate


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

MAGIC

Fermi/LAT

Chance coincidence rejected at 3𝜎 level

Science 361, eaat1378 (2018) 



The 𝛾-𝜈 connection in TXS 0506+056
✦ Relatively small angular uncertainty of the HESE 𝜈  event


✦ The blazar TXS 0506+056 only plausible candidate


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


✦ Archival analysis in IceCube reveals an excess in 2015!

Science 13 Jul. 2018: Vol. 361, Issue 6398 

IceCube 
cumulative



Transients at VHE
• GRB hunt at VHE: are IACTs good transient factories? 

• The MAGIC program

19



Transients at VHE
• GRB190114C 

• Long GRB - redshift ~ 0.4 
• Observed in moon conditions, at large zenith angles 
• Strongest VHE source ever!
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Transients at VHE
• GRB190114C 

• Long GRB - redshift ~ 0.4 
• Observed in moon conditions, at large zenith angles 
• Strongest VHE source ever!
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How did we catch it?
Fast Repointing Redshift



Transients at VHE
• GRB190114C 

• Long GRB - redshift ~ 0.4 
• Observed in moon conditions, at large zenith angles 
• Strongest VHE source ever!
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How did we catch it?
Fast Repointing RedshiftGRB180114C

GRB180114C



Transients at VHE
• First clear and strong detection of a GRB! 
• Report of 5𝜎 of late -afterglow emission from 

GRB180720B by H.E.S.S.  (announced at CTA-symposium) 
• bright GRB; detection 10 hours after T0 

• Hint of detection on the short GRB160721B by MAGIC 
(Berti et al., 2019, Proc. MG15) 
• z=0.16; recently associated at a kilonova Lamb et al. 2019 

arXiV:1905.02159

23Compelling for future TeV-detection of GW counterparts!

Credits: A. Berti

GRB160721B



IACTs chasing GW counterparts

• H.E.S.S. observations 
• GW170817 

• First ground telescope to 
point the region

24
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From experiment to observatory; prospects
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Imaging Atmospheric Cherenkov Telescopes (IACT)



Present generation of IACTs
H.E.S.S.	(Namibia)	
4	x	108	m2	(since	2003)	
1	x	614	m2	(since	2012)

VERITAS	(Arizona)	
4	x	110	m2	(since	2007)

MAGIC	(La	Palma)	
2	x	236	m2	(since	2003	/	2009)



From	experiment	to	observatory
2005	
⇣	

2008	
⇣	

2010	
⇣	

2013

~10-12	erg/cm2/s		(50	hr)

100	GeV Energy	threshold	[GeV]																												10	TeV

Evolution of  
MAGIC sensitivity

HW and  SW 
upg rades



The Cherenkov telescope array

MST (!12m)

SST (!4m)

LST (!23m)

https://www.cta-observatory.org

https://www.cta-observatory.org


The Cherenkov telescope array

MST (!12m)

SST (!4m)

LST (!23m)

https://www.cta-observatory.org

Presentazione dedicata 
F. Ferrini

https://www.cta-observatory.org


CTA concept
10 GeV                         100 GeV                        1 TeV                              10 TeV                           
100 TeV 10	γ /	h	km21000	γ /	h	km2 0.1	γ /	h	km2

Southern array 
of Cherenkov telescopes 

- about 3 km across

Needs: 
precision 

extreme energies 
fast variability



10 GeV                         100 GeV                        1 TeV                              10 TeV                           
100 TeV

4 x 23 m ∅ Large Size Telescopes (LST)



10 GeV                         100 GeV                        1 TeV                              10 TeV                           
100 TeV

25 x 12 m ∅ Medium Size Telescopes (MST)     
(North: 15)



10 GeV                         100 GeV                        1 TeV                              10 TeV                           
100 TeV

70 x 4 m ∅ Small Size Telescopes (SST)   
(South)

MAGIC/HESS/
VERITAS



Sensitivity (Steady sources)
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E2dN/dE	=	νFν	
[erg/cm2s]

Fermi	
Pass	8

Current	Cherenkov		
					telescopes	(50	h)

Energy	E[TeV]

CTA	South	
50	h

From	10-12	erg/cm2s	to	10-13

Credits: W. Hoffmann



CTA sensitivity  (transient sources)

104



CTA sensitivity  (transient sources)

104

Yes!



CTA telescopes

Telescope	Designs	
and	Prototypes

SST

MST

LST



LST 
prototype

M1M2

Live webcam

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

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


The INAF project for the SST
• ASTRI prototype for CTA-SST 

41
Credits: S. Lombardi (CTA-Symposium)

Presentazione dedicata 
S. Scuderi



The first source detected by CTA!
• Proudly made in Italy!

42https://www.cta-observatory.org/astri-detects-crab-at-tev-energies/

8.May 2019
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CTA themes
Theme 1: Cosmic Particle Acceleration  
▪ How and where are particles accelerated?

▪ How do they propagate?

▪ What is their impact on the environment?


Theme 2: Probing Extreme Environments  
▪ Close to neutron stars and black holes? 

▪ Relativistic jets, winds and explosions? 

▪ Cosmic voids 


Theme 3: Physics Frontiers  
▪ What is the nature of Dark Matter? 

▪ Is the speed of light a constant?

▪ Do axion-like particles exist? 

43



The CTA key-science projects
provide	legacy	data	sets	and	data	products	
1. Dark	Matter	Programme	
2. Galactic	Centre		
3. Galactic	Plane	Survey		
4. Large	Magellanic	Cloud	Survey	
5. Extragalactic	Survey	
6. Transients	
7. Cosmic-ray	PeVatrons	
8. Star-forming	Systems	
9. Active	Galactic	Nuclei	
10. Cluster	of	Galaxies	
11. Beyond	Gamma	Rays

44www.worldscientific.com/worldscibooks/10.1142/10986

Surveys

Key	objects

Credits: R. Ong (CTA-Symposium)
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Surveys

Key	objects

Credits: R. Ong (CTA-Symposium)

Presentazione su osservazioni  
sul "prototipo"du Seyfert 2  

NGC1068 
A. Lamastra



Follow-up of gravitational waves with CTA
Example on BNS mergers from Patricelli+2018

46

‣ Simulation of mergers  
and GW signal in local 
universe

‣ Phenomenological 
model of VHE 
emission, from 
short-GRB 
templates 

‣ Off-axis emission

‣ Simulation of CTA 
response (IRFs, EBL)

GW	skymap

‣ CTA observing 
strategy

✓ Joint GW-CTA detection 
rates and coverage 

✓ Optimal observation 
strategies 

Results =

⊕
CTA	skymapCTA	tiling ⊗



GW-CTA BNS joint rates
• Coverage	of	detectable	BNS	mergers	
• Expected rate of detection with CTA: up to 0.08	yr-1	for most 

luminous GRB, assuming a GeV energy cutoff  
• Recent VHE detection of the (long) GRB190114C and the hint on the short-

GRB160720A may point to a hard TeV component, thus making the detection of GW 
counterpart more compelling!
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A bright future for the VHE astronomy!
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CTA OBSERVATORY
During	the	first	decade:	
~40%	Key	Science	Projects	
							(CTA	Consortium)	
~50%	User	time	
~10%	Host	country	time	

www.worldscientific.com/worldscibooks/10.1142/10986



CTA sensitivity  (steady sources)



CTA SYSTEM ARCHITECTURE  
& INFORMATION FLOW

Alerts	&	ToOs

FITS	
format	
Data		
open		
after	1	
year

CTA SYSTEM 

& DATA FLOW

20	s	latency

30	s	latency



Outline
• The VHE domain 

• Key results 
• Crab pulsar  - large energies - pevatron 
• AGN gamma-ray location 
• EBL - precision 
• Fastest variability 
• MM- Time domain 

• Neutrino-AGN association 
• NGc1068 

• GRB detection 
• MAGIC - HESS - Short 

• GW 
• --> the process to get there  (continous improvement) 
• Cherenkov telescopes - description 

• from experiments to observatories 
• The needs 

• Precision astronomy 
• high effective area (short variability) 
• High energies 

• Prospects: needs + observatory -> CTA 
• Surveys - chimney 
• NGC1068 
• GRB (large-z) - GWs 
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• The VHE domain Key results AGN gamma-ray location 
EBL - precision Fast variability Crab pulsar  - large 
energies - pevatron multi messenger "Time domain" 
Neutrino-AGN association GRB MAGIC H.E.S.S.  
Short-GRB GW improvement "Cherenkov telescopes" 
experiment observatory needs Precision astronomy 
effective area (short variability) High-energies Prospects 
needs  observatory CTA Surveys NGC1068 GRB (large-
z)  GW  "angular resolution" PSF "Energy resolution"

54



Ground-based  
gamma ray astronomy TODAY

▪ 200+	sources	of	TeV	gamma	rays	
▪ Sky	images	and	sky	maps	
▪ Resolution	approaches	that	of	the	human	eye	
▪ Sources	like	the	Crab	Nebula	are	virtually	free	of	cosmic-ray	

background	
▪ Dynamic	range	in	gamma-ray	flux:		3+	orders	of	magnitude	
▪ Dynamic	range	in	energy:	3+	decades	
▪ Light	curves	on	all	scales	from	minutes	to	years

55

Crab	Nebula



 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

56

https://arxiv.org/abs/1904.00134

