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A few interesting things I will 
probably not cover: 

Coded-Mask Instruments 
(INTEGRAL) 

Wide FOV Very High-Energy 
instruments (HAWC/ARGO/SGSO) 
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Gamma Rays: definitions
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––– Gamma Rays –––

“very high energy” (VHE/TeV)
“high energy” (HE/GeV)

medium energy (ME/MeV)



Gamma-rays come from  
Non-Thermal Emission
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Particle Acceleration
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Galactic  
(Maybe SNRs)

Extra-galactic  

maybe 
some 
other 
galactic 
source

Gamma-rays show the 
sites of cosmic-ray 

acceleration
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Spectral Energy Distribution for various processes:
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Synchrotron

Spectral Energy Distribution for various processes:
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Synchrotron
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Synchrotron
Inverse-Compton

Spectral Energy Distribution for various processes:
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Synchrotron
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Synchrotron
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Spectral Energy Distribution for various processes:
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Synchrotron
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Synchrotron
Inverse-Compton

 
 

Pion Decay

Spectral Energy Distribution for various processes:
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Synchrotron
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Pion Decay

Spectral Energy Distribution for various processes:
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Some real examples

Non-Thermal Emission
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(Supernova Remnant)

Mayer+ (http://dx.doi.org/10.1051/0004-6361/201014108) 
Tanaka+ (http://dx.doi.org/10.1086/591020)

Crab Nebula  
(Pulsar Wind Nebula)

leptonic model

hadronic model

http://dx.doi.org/10.1051/0004-6361/201014108
http://dx.doi.org/10.1086/591020
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Gamma-ray Instrument Sensitivities
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Table 1. A comparison of the characteristics of Fermi, the IACTs and of the Extensive Air Showers (EAS) particle detector
arrays. Sensitivity computed over one year for Fermi and the EAS, and over 50 h for the IACTs.

Quantity Fermi IACTs EAS

Energy range 20MeV–200 GeV 100GeV–50 TeV 400 GeV–100 TeV

Energy res. 5–10% 15–20% ∼ 50%

Duty cycle 80% 15% > 90%

FoV 4π/5 5 deg × 5 deg 4π/6

PSF (deg) 0.1 0.07 0.5

Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Fig. 3. Point source continuum differential sensitivity of different X- and gamma-ray instruments. The curves for INTE-
GRAL/JEM-X, IBIS (ISGRI and PICsIT), and SPI are for an effective observation time Tobs = 1 Ms. The COMPTEL and
EGRET sensitivities are given for the typical observation time accumulated during the ∼ 9 years of the CGRO mission. The
sensitivity is for a high Galactic latitude source in 10 years of observation in survey mode. For MAGIC, VERITAS, H.E.S.S.,
and CTA, the sensitivities are given for Tobs = 50 hours. For HAWC Tobs = 5 yr, for LHAASO Tobs = 1 yr, and for HiSCORE
Tobs = 1000 h. This figure shows also the sensitivity of e-ASTROGAM (see sect. 9), calculated at 3σ for an effective exposure
of 1 year and for a source at high Galactic latitude.

Two kinds of gamma-ray instruments exist: space-based and ground-based detectors. These two typologies are
complementary. The experimental spectrum of gamma rays spans indeed 7 decades in energy and about 14 in flux,
rapidly decreasing towards high energies. It is therefore clear that the larger is the energy, the larger should be
the effective area, defined as the product of the geometrical area and the detector efficiency. Because of the cost of
space technology, the geometrical area cannot however exceed ∼ 1m2. This aspect makes space-based detectors more
appropriate for measuring gamma rays in the MeV–mid-GeV energy range. Going to higher energies, large detection
areas are needed and can be deployed only at ground, exploiting the fact that, for energies above ∼ 30GeV, the
so-called electromagnetic air showers start to become detectable (whereas if the energy is too low, the shower cannot
develop properly). When a gamma ray enters the atmosphere, it generates a cascade of secondary particles: the photon
converts into pairs of e+e− at high altitude and each high-energy e± radiates secondary gamma rays mostly through
bremsstrahlung, which further convert into e+e− pairs of lower energies.

In the following, both space- and ground-based techniques are discussed, focusing on some historical remarks [22]
and briefly describing the past and current generations of gamma-ray detectors with their key characteristics, such as
the field of view (FoV), the duty cycle, the background (mainly CRs) rejection, the angular and energy resolution, the
sensitivity. The main figures of merit of the current detectors are reported in table 1. Figure 3 shows the sensitivity
for past and current gamma-ray detectors, along with future ground-based experiments like CTA, LHAASO and
HiSCORE and a possible future space mission, e-ASTROGAM. The future directions are discussed in sect. 9.

5.1 Space-based detectors

Space-based telescopes can measure gamma rays between ∼ 300 keV and ∼ 300GeV, limited by flux. As compared to
soft X-ray astronomy, space-based gamma-ray astronomy faces additional challenges. One of them is that gamma rays
above some MeV cannot be focused and have to be detected through their interaction products. As a consequence,

De Angelis and Mallamaci ;  Eur. Phys. J. Plus (2018)  



No focusing optics 
No CCDs 
Single Photon Counting
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•Compton Scattering


• Pair Production


•Bremsstrahlung 

Particle Interactions beyond the Photoelectric Effect…
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Detection: Compton Scattering

�14

10s of MeV to few GeV

Gamma ray Compton scatters off 
electron in detector 1

‣ energy E1 of scattered electron is 
measured, along with its position P1 in the 
detector

Scattered photon is seen in detector 2

‣ its energy E2 and position P2 are 
measured

Reconstruction:

‣ From this one can calculate the scattering 
angle, which give the position on the sky 
within a cone about the position vector

‣ Summing event circles from many events: 
signal will grow at correct position, other 
parts of the ring contribute to background

‣ Energy = E1 + E2

Tuesday, July 3, 2012

2. Reconstruct

1. Measure

58 CHAPTER 6. COMPTON SCATTERING
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Figure 6.1: The Compton e�ect. In the electron rest frame (ERF), a photon
with energy � is scattered by a stationary electron. The scattered photon has
energy �s and is scattered at angle � with respect to the direction of the incident
photon. The scattered electron has Lorentz factor 	e.

Eq. (6.4) can be rewritten as

�s =
�

1 + �(1� cos�)
. (6.5)

The energy of the scattered photon ranges from �/(1 + 2�), when scattering in
the backward direction, to � for forward scattering. When � � 1, then �s � 1
irrespective of the direction of scattering. The condition � � 1 denes the
Thomson regime, and the condition �
 1 denes the Klein-Nishina regime.

6.2 The Compton Cross Section

The polarization-averaged di�erential Compton cross section in the ERF is given
by

d�C
d�sd�s

=
r2e
2

��s
�

2� �s
�
+
�

�s
� 1 + cos2 �


�[�s �

�

1 + �(1� cos�)
] (6.6)

[41], and d�s = d�sd cos�. The classical electron radius re = e2/mec2 and the
Thomson cross section �T = 8r2e/3. The integration of the di�erential cross
section over scattered photon energy gives the angle-dependent Compton cross

section

d�C
d�s

=
r2e
2

	
1 + �(1� cos�)]2

	 1

1 + �(1� cos�)
+ cos

2 �+ �(1� cos�)
�
, (6.7)

plotted in Fig. 6.2. In the Thomson regime �� 1, eq. (6.7) becomes

d�T
d�s

=
r2e
2

�
1 + cos�2) . (6.8)

𝝌
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photon.ThescatteredelectronhasLorentzfactor	e.
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thebackwarddirection,to�forforwardscattering.When��1,then�s�1
irrespectiveofthedirectionofscattering.Thecondition��1denesthe
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Second of NASA’s “Great 
Observatories” (after 
Hubble, before Chandra)

‣ detect photons from 20 
keV to 30 GeV

Two gamma-ray 
detectors:

‣ COMPTEL (Compton 
Telescope)

‣ EGRET (Energetic Gamma 
Ray Experiment 
Telescope)

1991 - 2000

Tuesday, July 3, 2012

NASA "Great Observatory": 

• 1991-2000

Compton Gamma-ray Observatory

�15

COMPTEL EGRET Fermi-LAT

Energy Range 0.8 - 30 MeV 20 MeV - 30 GeV 20 MeV - 300 
GeV

Energy 
Resolution

≈7% 20% 10%

peak Aeff (m2) 0.005 0.15 1.0

FOV 1 sr 0.6 sr >2 sr

PSF 1° 5° (100 MeV) 3° (100 MeV)
0.2° (10 GeV)

current-genprevious

Tuesday, July 3, 2012

CGRO

COMPTEL instrument:

Arthur Holly Compton
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The galaxy in Radioactive Aluminum 26
Nuclear Line Emission at MeV

�16https://heasarc.gsfc.nasa.gov/docs/cgro/cgro/comptel_al26.html
http://articles.adsabs.harvard.edu//full/1977ApJ...213L...5R/L000005.000.html

(1.8 MeV)

https://heasarc.gsfc.nasa.gov/docs/cgro/cgro/comptel_al26.html
http://articles.adsabs.harvard.edu//full/1977ApJ...213L...5R/L000005.000.html
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Supernova Detection with Comptel
Look at where nucleosynthesis is happening → Find SNRs!

�17
https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/SNR.html

Vela Region 
(3 SNRs)

44Ti emission

https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/SNR.html
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Supernova Detection with Comptel
Look at where nucleosynthesis is happening → Find SNRs!

�17
https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/SNR.html

Vela Region 
(3 SNRs)

44Ti emission

Vela "Junior"

https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/SNR.html
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Comptel: Crab Nebula

�18https://heasarc.gsfc.nasa.gov/docs/cgro/cgro/comptel_anti.html

https://heasarc.gsfc.nasa.gov/docs/cgro/cgro/comptel_anti.html
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Gamma-ray Instrument Sensitivities

�19

Eur. Phys. J. Plus (2018) 133: 324 Page 7 of 18

Table 1. A comparison of the characteristics of Fermi, the IACTs and of the Extensive Air Showers (EAS) particle detector
arrays. Sensitivity computed over one year for Fermi and the EAS, and over 50 h for the IACTs.

Quantity Fermi IACTs EAS

Energy range 20MeV–200 GeV 100GeV–50 TeV 400 GeV–100 TeV

Energy res. 5–10% 15–20% ∼ 50%

Duty cycle 80% 15% > 90%

FoV 4π/5 5 deg × 5 deg 4π/6

PSF (deg) 0.1 0.07 0.5

Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Fig. 3. Point source continuum differential sensitivity of different X- and gamma-ray instruments. The curves for INTE-
GRAL/JEM-X, IBIS (ISGRI and PICsIT), and SPI are for an effective observation time Tobs = 1 Ms. The COMPTEL and
EGRET sensitivities are given for the typical observation time accumulated during the ∼ 9 years of the CGRO mission. The
sensitivity is for a high Galactic latitude source in 10 years of observation in survey mode. For MAGIC, VERITAS, H.E.S.S.,
and CTA, the sensitivities are given for Tobs = 50 hours. For HAWC Tobs = 5 yr, for LHAASO Tobs = 1 yr, and for HiSCORE
Tobs = 1000 h. This figure shows also the sensitivity of e-ASTROGAM (see sect. 9), calculated at 3σ for an effective exposure
of 1 year and for a source at high Galactic latitude.

Two kinds of gamma-ray instruments exist: space-based and ground-based detectors. These two typologies are
complementary. The experimental spectrum of gamma rays spans indeed 7 decades in energy and about 14 in flux,
rapidly decreasing towards high energies. It is therefore clear that the larger is the energy, the larger should be
the effective area, defined as the product of the geometrical area and the detector efficiency. Because of the cost of
space technology, the geometrical area cannot however exceed ∼ 1m2. This aspect makes space-based detectors more
appropriate for measuring gamma rays in the MeV–mid-GeV energy range. Going to higher energies, large detection
areas are needed and can be deployed only at ground, exploiting the fact that, for energies above ∼ 30GeV, the
so-called electromagnetic air showers start to become detectable (whereas if the energy is too low, the shower cannot
develop properly). When a gamma ray enters the atmosphere, it generates a cascade of secondary particles: the photon
converts into pairs of e+e− at high altitude and each high-energy e± radiates secondary gamma rays mostly through
bremsstrahlung, which further convert into e+e− pairs of lower energies.

In the following, both space- and ground-based techniques are discussed, focusing on some historical remarks [22]
and briefly describing the past and current generations of gamma-ray detectors with their key characteristics, such as
the field of view (FoV), the duty cycle, the background (mainly CRs) rejection, the angular and energy resolution, the
sensitivity. The main figures of merit of the current detectors are reported in table 1. Figure 3 shows the sensitivity
for past and current gamma-ray detectors, along with future ground-based experiments like CTA, LHAASO and
HiSCORE and a possible future space mission, e-ASTROGAM. The future directions are discussed in sect. 9.

5.1 Space-based detectors

Space-based telescopes can measure gamma rays between ∼ 300 keV and ∼ 300GeV, limited by flux. As compared to
soft X-ray astronomy, space-based gamma-ray astronomy faces additional challenges. One of them is that gamma rays
above some MeV cannot be focused and have to be detected through their interaction products. As a consequence,

De Angelis and Mallamaci ;  Eur. Phys. J. Plus (2018)  
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There aren’t any telescopes 
operating in this regime currently! 

• Important energy band for 
Gravitational Wave and multi-
messenger astrophysics!

Medium energy: The problem…
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➤ Balloon Flight 2021

Medium energy: The problem…

�20

All-sky Medium Energy Gamma-ray Observatory

Si-strip Tracker, 
60 planes

ACD
Square 80cm side

Tracker
Incoming photon undergoes 
pair production or Compton 
scattering. Measure energy and 
track of electrons and positrons 
• 60 layer  DSSD, spaced 1 cm
• Strip pitch 0.5mm
• Arranged in 4 towers each 

with 4x5 layers of 10 cm Si 
wafers

CZT Calorimeter
Measure location and energy of Compton scattered photons
• Layer of 0.8x0.8 x 4cm bar CZT (with 3D sub-pixel resolution) 

CsI Calorimeter
Extend high energy range
• 6 planes of 40cm x 

1.5cm x 1.5 cm CsI (Tl) 
bars with SiPM readout

AntiCoincidence Detector
Veto charged background
• 5 tiles of plastic 

scintillator with SiPM
readout

https://asd.gsfc.nasa.gov/amego/
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Detection: High Energy Gamma Rays
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Detection: High Energy Gamma Rays
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Calorimeter

Detection: High Energy Gamma Rays
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•At low energy, poorer 
reconstruction


•Direction reconstruction (PSF) 
gets better at higher energies


•Measure energy with a 
calorimeter


•Reject background with an anti-
coincidence shield
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Instruments: 

• LAT: "Large Area Telescope" (GeV)


•GBM "Gamma-ray Burst Monitor" (KeV -MeV)


LAT: 

• FoV: > 2 steradians 


• Energy Range: 20 MeV - 300 GeV


•Coverage: 

➤ all sky (normally once per day, but now 1/3 

per day due to failed solar array drive) 

• Angular Resolution: 

➤ < 3.5° (100 MeV) 
➤ < 0.15° (>10 GeV) 
➤ point-source localization: < 0.5'

Fermi Gamma-ray Space Telescope

�26

Fermi Status and Prospects

• Both instruments continue 
to operate with full 
scientific performance

• One of the solar array 
drives failed, mitigated by 
transitioning to a 
“modified” survey for ~1/3 
of the time

• Anticipate that Fermi will 
operate into the CTA era

21

See Also: AGILE Space Telescope
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The Sky Above 1 GeV

4• >5000 sources of gamma-rays

> 5000 gamma ray sources!

Catalog : 3FGL

Page 10 of 18 Eur. Phys. J. Plus (2018) 133: 324

Fig. 4. Left panel: Gamma-ray sky above 600MeV in Galactic coordinates [54]. Both the diffuse Galactic emission and point
sources are visible. Intensity indicates the (logarithmic) brightness of the flux, red corresponds to low-energy gamma rays around
1 GeV, and blue to gamma rays up to 300GeV. Right panel: sources detected by Fermi-LAT above 100MeV in 8 years.

6 The Universe through gamma rays

Our knowledge of gamma rays has enormously improved over the last decade. In particular, a look at the gamma-ray
sky shows us the presence of 1) a diffuse background of Galactic origin; 2) a faint diffuse emission of extragalactic
origin and 3) a very heterogeneous population of localized emitters. Each of these components is briefly discussed.

6.1 The diffuse emission

Below TeV energies, the dominant contribution (about 80% in the GeV range) to the gamma-ray flux is due the Galactic
diffuse emission, observed for the first time by OSO 3, and then confirmed also by SAS-2 and COS-B. Figure 4 (left
panel) shows this diffuse emission as measured by Fermi -LAT. Above 30MeV, a large fraction of this emission is
presumably due to: 1) CRs interacting with the Galactic interstellar gas, via neutral pion decay, and contributing
to the soft component of the gamma emission; 2) CR electrons scattering off interstellar radiation fields, via IC and
contributing to the hard component of the gamma emission. This Galactic diffuse emission has been observed also at
TeV energies by H.E.S.S. in the innermost part of the Galaxy [55] and also by HAWC in a large-scale region on the
Galactic Plane [56].

In addition to the diffuse emission, two huge bubble-like structures, extending ∼ 50◦ above and below the GC,
have been observed [57–59]. The gamma-ray emission from these structures, dubbed the Fermi Bubbles, exhibits a
power-law spectrum with spectral index Γ = 1.9 ± 0.2, significantly harder than the spectrum of the diffuse emission
from the Galactic disk, and a cut-off energy of (110 ± 50)GeV [60]. These structures are visible in the left panel of
fig. 4. A possible origin of the bubbles includes CR acceleration by the SMBH Sgr A∗ [58] at the center of our Galaxy,
an era of starburst activity, or an accumulation of CR for a long time from the regular star formation near the GC [61].

A (mostly extragalactic) gamma-ray background, briefly called IGRB (isotropic gamma-ray background), was de-
tected for the first time by SAS-2; Fermi -LAT has then performed a measurement between 100MeV and 820GeV [62],
showing that the IGRB is characterized by a power-law spectrum, with spectral index Γ = 2.32 ± 0.02 and an expo-
nential cut-off at 279 ± 52GeV. This cut-off could be explained by a single dominant extragalactic population with
EBL attenuation. In general, the IGRB is composed by unresolved extragalactic emissions, and by residual Galactic
foregrounds. The total intensity attributed to the IGRB is (7.2 ± 0.6) × 10− 6 cm− 2 s− 1 sr− 1 above 100MeV.

6.2 Steady sources and transient events

One of the most impressive results about the gamma-ray sky regards the plethora of individual emitters that have
been discovered over the last decade. More than ∼ 5000 sources above 100MeV have been identified up to now thanks
to the Fermi -LAT 8-year observations (fig. 4, right), which will converge soon to the Fermi 4th catalog. The third
Fermi -LAT catalog [63], corresponding to 4 years of data taking, contained more than 3000 sources. About ∼ 80%
are associated to extragalactic objects, and a significative fraction of Galactic objects is associated to pulsars. It is
worth mentioning the most studied Galactic source of gamma rays: the Crab Nebula. It is a typical PWN, the leftover
of the supernova explosion that occurred in 1054 AD, and it is powered by the pulsar PSR B0531+21 at its center.
Its multi-wavelength SED is shown in fig. 5 (left panel) [64].

At higher energies (! 100GeV), ∼ 200 sources have been detected and are collected in the TeVCat webpage [65].
About half are objects in our Galaxy, including SNRs, pulsars, PWNe, binaries and a significative fraction of unidenti-
fied sources. The remaining half is of extragalactic origin, but the angular resolution of the current detectors (slightly
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The GeV Sky
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> 5000 gamma ray sources!
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High-Energy Resources

Fermi Catalogs:  

• 3FGL: 3rd Fermi-Lat Gamma-Ray catalog


• 3FHL: Highest energy catalog (subset of sources)


• 1SC: First Fermi-LAT supernova catalog


Fermi-Lat Data: 

• all publicly available online


• need Fermi Science Tools to analyze 

➤ spatial-spectral likelihood minimization

�31
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• Effective collection area of 
Fermi-Lat is 1 m2


•Count-rate of brightest  
gamma-ray source (Crab 
Nebula) :  
10-7 Hz above 1 TeV 
➤ a photon every few 

months! 

• beyond a few hundred 
GeV: want at least 
100,000x bigger!

Limiting effect: the spectrum!

�33

drop 6 orders of 
magnitude in 
detection rate!

typical power-law  
source at high energies 
(≈E-2.0 to E-3.0)

�33
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•With enough distance 
into a medium (1 
interaction length), the 
secondaries will emit 
Bremsstrahlung 
radiation when they 
encounter a nucleus


• If high enough energy, 
the Bremsstrahlung 
photon can pair-
produce


• and so on…


This becomes an 
electromagnetic shower 

• number of particles 
doubles, energy 
divided by 2 at each 
step 

• eventually shower 
stops when energy too 
low 

Pair production → Shower

�34
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Showers can be produced in many media, but we want a large detection 
volume (100,000+ m2 needed!): 

• Earth’s atmosphere is ideal!


• Radiation and interaction length ≈ 37 g/cm2  


• showers form and complete before hitting ground

Atmospheric Cherenkov Technique

�35
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Electromagnetic Showers
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Whipple 10m teleescope 

• 1968: Built, Single-pixel camera


•Breakthrough: multi-pixel 
camera: Shower Imaging


• 1989: First detection of Crab 
Nebula (at 5 σ)


Many came in between: 

•CAT (Pyrenees),


•Durham (Australia)


•HEGRA (Canaries)


•Grace (India)


•CANGAROO (Australia)

Some VHE History

�43

The Whipple 10 m Telescope, 1968

Friday, July 6, 2012
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HESS, VERITAS, MAGIC, HAWC* (water cherenkov)

Current Atmospheric Cherenkov Telescopes

�44

VERITAS: Arizona, USA  
4x 12m. (Northern Hemisphere)

HESS: Namibia  
4x 12m, 1x 28m (Southern Hemisphere)

MAGIC: Canary Islands  
2x 17 m (Northern Hemisphere)
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Ground-based Telescopes: Visibility
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Visible from Northern Hemisphere

Visible from Southern Hemisphere
http://tevcat.uchicago.edu/

http://tevcat.uchicago.edu/
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Advantages: 

• high angular (<0.1°) and energy (<15%) 
resolution


• very good sensitivity 

➤ many orders of magnitude better than 

Fermi-Lat in overlapping energy range!  
➤ great for short-term variability 

• Cheap! (ground-based)


• Upgradable! 

➤ e.g. add more telescopes to get larger 

effective area  

Disadvantages 

• Small(ish) Field-Of-View (3°-10°) → non 
uniform exposure, must know where to 
look


• Small duty cycle

➤ can't observe in day or with bright moon! 
➤ ≈1000-1400 hours/year 

•No full-sky coverage for single 
instrument

➤ limitation of being on Earth 

• Limited by atmosphere quality

Atmospheric Cherenkov Telescopes

�46
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HESS Galactic Plane Survey

�47

H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 1. Illustration of HGPS region superimposed an all-sky image of Planck CO(1-0) data (Planck Collaboration X 2016) in Galactic coordinates
and Hammer-Aitoff projection. For comparison, we overlay the HEGRA Galactic plane survey (Aharonian et al. 2002) and VERITAS Cygnus
survey (Weinstein 2009) footprints. Triangles denote the Fermi-LAT 2FHL �-ray sources (Ackermann et al. 2016) identified as Galactic, and stars
indicate the 15 Galactic VHE �-ray sources outside the HGPS region. H.E.S.S. has detected three of these, which are labeled SN 1006 (Acero et al.
2010a), the Crab Nebula (Aharonian et al. 2006b; H.E.S.S. Collaboration 2014a), and HESS J0632+057 (Aharonian et al. 2007; Aliu et al. 2014a).
The gray shaded regions denote the part of the sky that cannot be observed from the H.E.S.S. site at reasonable zenith angles (less than 60�). The
lower panels show the HGPS �-ray flux above 1 TeV for regions where the sensitivity is better than 10% Crab (correlation radius Rc = 0.4�; see
Sect. 3) and observation time, both also in Galactic coordinates. The white contours in the lower panels delineate the boundaries of the survey
region; the HGPS has little or no exposure beyond Galactic latitudes of |b|  3� at most locations along the Galactic plane.

cameras suffer from occasional hardware problems affecting
individual or groups of camera pixels, so we did not use obser-
vation runs with significant pixel problems. In addition, we only
used those runs with at least three operational telescopes.

Furthermore, despite the very good weather conditions at
the H.E.S.S. site, both nightly and seasonal variations of the
atmospheric transparency occur and require monitoring. Lay-
ers of dust or haze in the atmosphere effectively act as a filter
of the Cherenkov light created in an EAS, thereby raising the
energy threshold for triggering the IACTs. Since we calcu-
lated the instrument response tables describing the performance
of the instrument (e.g., the effective areas) with MC simula-
tions, deviations from the atmospheric conditions assumed in
the simulations lead to systematic uncertainties in the determi-
nation of energy thresholds, reconstructed energies, and �-ray
fluxes. To account for this, we applied a further quality cut

using only observations where the Cherenkov transparency coef-
ficient T (Hahn et al. 2014), which characterizes the atmospheric
conditions, falls within the range 0.8 < T < 1.2 (for clear skies,
T = 1).

After applying the aforementioned data quality selection
cuts, 6239 observation runs remain, ⇠77% of which are runs
with four telescopes operational. The total observation time
is 2864 h, corresponding to a total livetime of 2673 h (6.7%
average dead time). The third panel of Fig. 1 is a map of the
observation time over the survey region, clearly showing a
non-uniform exposure. This is a result of the HGPS observation
strategy, summarized as follows:

– Dedicated survey observations, taken with a typical spac-
ing between pointings of 0.7� in longitude and in different
latitude bands located between b = �1.8� and b = 1�.

A1, page 3 of 61

Flux

Exposure (very non-uniform!)
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The Very-high-energy sky F. Aharonian et al.: Energy dependent γ-ray morphology in HESS J1825–137 7

Fig. 4. Energy spectra in radial bins. Inset: H.E.S.S. excess map as shown in Fig. 1. The wedges show the radial regions with

radii in steps of 0.1◦ in which the energy spectra were determined. The innermost region is centred on the pulsar PSR J1826–

1334.Main Figure: Differential energy spectra for the regions illustrated in the inset, scaled by powers of 10 for the purpose of

viewing. The spectrum for the analysis at the pulsar position is shown as a reference along with the other spectra as dashed line.

For all regions the energy spectrum has been determined as described in the text and has been fitted by a power-law in a restricted

energy range between 0.25 and 10 TeV.

that this approach does not change the result of the fit. Due

to the different distribution of offsets from the pointing direc-

tion of the system in the different regions, the photon analysis

threshold changes slightly, thus some of the different spectra do

not start at exactly the same energy.

Fig. 5 summarises the findings of Fig. 4 by plotting the fit

parameters of the power law fit versus the distance of the region

to the pulsar position. Shown are the results using two differ-

ent background estimation techniques in the spectral analysis.

The left panel shows the photon index as a function of the dis-

tance from the pulsar. A clear increase of the photon index for

larger distances from the pulsar position is apparent; the pho-

ton index seems to level off within errors to a value of ∼2.4

±0.1 at a distance of ∼0.6◦. The right panel shows the surface

brightness (i.e. the integrated energy flux EdN/dE per unit area

between 0.25 TeV and 10 TeV) as a function of the distance to

the pulsar position. Again here it can be seen, that the maxi-

mum of the emission is slightly shifted away from the pulsar

position as was already apparent in Fig. 2. In both panels, the

error bars denote ±1σ statistical errors. Systematic errors of

20% on the flux and 0.15 on the photon index are to be as-

signed to each data point in addition. However, since all spectra

come from the same set of observations, these systematic errors

should be strongly correlated, and will cancel to a large extent

when different wedges are compared. Table 2 summarises the

different spectral parameters determined in the wedges using

the reflected background from the same field of view.

Friday, July 6, 2012

in the plane ,mostly extended 
sources (pulsar wind nebulae, 
supernova remnants)

�49
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Supernova Remnants

�50

B-field strength map under leptonic scenario

(See Jacco's SNR Talk  yesterday)
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Remember Vela Jr from COMPTEL?

�51

1°
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Remember Vela Jr from COMPTEL?

�51

A&A, 437, L7 (2005)

Vela Jr

1°
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Remember Vela Jr from COMPTEL?

�51

A&A, 437, L7 (2005)

Vela Jr

1°
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Discovering new Supernova Remnants

�52https://www.mpi-hd.mpg.de/hfm/HESS/pages/home/som/2018/03/

https://www.mpi-hd.mpg.de/hfm/HESS/pages/home/som/2018/03/
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Pulsar Wind Nebula: HESS J1825-137
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HESS Fermi-LAT

Araya et al., MNRAS  2009

HESS Collaboration, Astron. Astrophys. 621 (2019) A116

https://doi.org/10.1051/0004-6361/201834335
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LS 5039: A Gamma-ray Binary 

�54

Period:
HESS:      3.908(2)d
Optical:   3.9060 d
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LS 5039: A Gamma-ray Binary 
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Period:
HESS:      3.908(2)d
Optical:   3.9060 d
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PSR B1259-63

�55
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Breaking News: Prompt VHE Emission from a GRB

GRB 190114C: 

 
MAGIC Detection!


• First VHE GRB!


•  50s after burst


• > 20 sigma


• very large zenith angle

➤ > 300 GeV 

�56

Look for details soon!
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Breaking News: Prompt VHE Emission from a GRB

GRB 190114C: 

 
MAGIC Detection!


• First VHE GRB!


•  50s after burst


• > 20 sigma


• very large zenith angle

➤ > 300 GeV 
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Fermi

Look for details soon!
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Breaking News: GRB Afterglow in VHE 𝛄’s
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HESS detection of GRB 
180720B  

• 10 hours after burst, 5 
sigma > 100 GeV. 


• observation 18 days 
later, no signal 


•One of Fermi-GBM 
highest fluence GRBs

source: CTA Symposium 2019, Bologna, Italy    https://www.cta-symposium.com/

Look for details soon!

https://www.cta-symposium.com/
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Kilonovas?

GW170817

�58

See also talk by  
Skyler Scott (tuesday)
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Very-High-Energy Resources

TeVCat 

• tevcat.uchicago.edu, tevcat2.uchicago.edu 


• All published sources from all Cherenkov Telescopes


• lots of detail about each source, including links to all 
subsequent publications


GammaCat / GammaSky 

• gamma-sky.net/


• similar to TeVCat, but open-source catalog available 
(much less detail than TeVCat, however)


HESS Galactic Plane Survey 

•www.mpi-hd.mpg.de/hfm/HESS/hgps/ 


• Catalog as FITS table (includes spectra for each source)


• the only "true" catalog (all identical analysis 
methodology, single publication), so only exposure bias


• Image data (flux, etc) as FITS images

�59

http://tevcat.uchicago.edu
http://tevcat2.uchicago.edu
http://gamma-sky.net/
http://www.mpi-hd.mpg.de/hfm/HESS/hgps/
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More Telescopes = larger effective area

Densely Packed Telescopes = higher 
angular resolution


Multiple Dish Sizes = wider energy coverage 
for cheaper


• large:  50 GeV - 100 GeV

➤ fast repointing for GRBs and transients 
➤ expensive 

•medium = 100 GeV - 30 TeV 

➤ core science 

• small = 5 TeV - 100 TeV:

➤ new frontiers  
➤ cheap, easy to make many of them

VHE/TeV gamma rays: the Future!

�60



the observatory for  
ground-based 
gamma-ray astronomy

cherenkov 
telescope 
array

https://www.cta-observatory.org/

≈10 PB of gamma-ray data/year 
processed down to small, 
standard products 

largest telescope array ever 

open observatory: you can be a PI!

https://www.cta-observatory.org/


the observatory for  
ground-based 
gamma-ray astronomy

cherenkov 
telescope 
array



credit: DESY/Milde Science Comm./Exozet

CTA Consortium consists of over 
1,420 members working in 200 
institutes from 31 countries:

Armenia, Australia, Austria, Brazil, 
Bulgaria, Canada, Chile, Croatia, Czech 
Republic, Finland, France, Germany, 
Greece, India, Ireland, Italy, Japan, 
Mexico, Namibia, Netherlands, Norway, 
Poland, Slovenia, South Africa, Spain, 
Sweden, Switzerland, Thailand, the 
UK, Ukraine and the USA. 
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GRBs with CTA

�65

21 mars 2016 Rencontre Irfu/SAp 7
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Binaries with CTA

�66

substructures can be resolved. To obtain the same results and sim-
ilar error bars like those reported by H.E.S.S., CTA would only need
!1/6th of its observation time, that is, 50 bins of 14 min each,
pointing towards the possibility of performing a long-term moni-
toring of the global behavior of the source, and accessing the duty
cycle of the observed features, if any.

Furthermore we studied the minimum observation time for CTA
to detect the period of LS 5039 in comparison with the H.E.S.S. one.
To do so, we simulated CTA observations using a sine function over
time that reproduces the time structure of the H.E.S.S. flux points.
From the simulated CTA observations we derived flux points for
each time bin and used those to construct the power spectrum of
LS 5039. Whereas H.E.S.S. used 160 bins of 28 minutes (!70 hours
in total) to detect the 3.9 days period of the system, CTA could de-
tect the period with more than 5 r with only 160 bins of 3 min
(8 hours in total). This would be a significant reduction of observa-
tion time for CTA. It has to be kept in mind that the significance of
the period estimation in the H.E.S.S. data is larger than 5 r (i.e. 8 r),
as all the data available at the time were used.

We studied the modulation of the photon index and the flux
normalisation with the orbital period for a source like LS 5039.
To compare with the H.E.S.S. measurements, we assumed 7 hours
of observation time for each phase bin and simulated the CTA spec-
tra for each phase bin with the spectral parameters obtained by
H.E.S.S. (photon index and differential flux at 1 TeV). By fitting
these simulated spectra, we obtained the fit parameters with the
corresponding error. The results are shown in Fig. 3. The direct
comparison of the errors of the H.E.S.S. and CTA measurements
shows that observations with CTA can reduce the errors on the
spectral parameters by a factor between 2 and 4.5.

The larger sensitivity of CTA would allow tracking the behavior
of a source in shorter timescales. In particular, it would allow com-
paring with predictions of the spectral evolution of a source such
as LS 5039, even at the minimum of its TeV flux. As an example,
we used the spectra in phases 0.2 and 0.3 as derived by [83], where
electromagnetic cascades were included. In Fig. 4 we show the re-
sults of our simulations: in the top panel, the two simulated spec-
tra are plotted, assuming an observation time of 5 hours. Since the
reconstruction of the energy spectra in true energy requires a com-
plicated unfolding procedure we conservatively choose to compare
the two spectra on the level of the excess events as a function of
reconstructed energy. The two corresponding distributions are
shown in the middle panel of Fig. 4. The distributions are compared
to each other by calculating the residuals between the two, which
is shown in the bottom panel. The probability of these spectra to be
consistent (i.e. to originate from the same original distribution) is

"1%. We conclude that CTA would easily distinguish between
spectra at different phase bins.

4.2. Short timescale flux variability

We have studied the capabilities of CTA to detect short time-
scale flux and spectral variabilities from gamma-ray binaries.
The perfect candidate for such studies is LS I +61 303. A simulta-
neous multiwavelength campaign on this source resulted in the
discovery of correlated X-ray/VHE emission with the MAGIC IACT
and the X-ray satellites XMM-Newton and Swift in the energy
range 0.3–10 keV [42] (see however [84,85]). Additionally, fast
X-ray variability on timescales of a thousand seconds has been
detected [86,87], so it is natural to think that such fast variability
may be present in its VHE emission. The detection of such a
variability would have strong implications on the location and
size of the non-thermal emitter. Several theoretical models put
forward until now consider the possibility of short timescale
(!100 s), correlated X-ray/VHE variability as the result of leptonic
emission in small scale instabilities and shocks within, e.g. a rela-
tivistic jet [88] or the interaction of the pulsar wind with a clum-
py stellar wind [89]. The detection of such a feature with CTA will
provide information on the dynamical mechanisms underlying the
VHE emission, which is a crucial step in understanding the appar-
ently erratic variability of LS I +61 303. This knowledge will be
also valuable in understanding other gamma-ray binaries with
complex stellar wind geometries owing to the decretion disk of
Be stars, such as PSR B1259-63 and HESS J0632+057.

Under the assumption that the X-ray/VHE emission correlation
found by [42] holds at shorter timescales, we took the X-ray light
curve from a !100 ks long Chandra observation [86] and computed
the expected VHE emission from the source. We considered the
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confidence level. In that case, the observation of a flare as that re-
ported in Cygnus X-1 would require exposures P15 min. Should
such a kind of flare happen again, the minimum timescale for a 5
standard deviations detection of a flare within 10% of the reported
spectrum from Cygnus X-1 is in the range of 2–3 min. However, in
order to have a spectrum determination, one can consider a 10 r
detection threshold. With this constraint, the minimum timescale
accessible is in the range of 8.5–12.5 min. This is shown in Fig. 8
right. The above estimates hold, provided that the responses of
the array are as stable as simulated for 30 minutes exposure and
that the timescales are probed a priori.

It is clear that CTA will be a powerful tool for the detection of
spectral variations in gamma-ray binaries. The statistical errors
we obtained for these simulations are nearly an order of magnitude
lower than the ones obtained with MAGIC in 2007, thus demon-
strating the capability of CTA to deliver new and exciting science
in the following years.

4.4. Exploring the minimum detectable time delay between X-ray and
TeV emission in gamma-ray binaries

As stated in Section 4.2, the MAGIC collaboration reported on the
existence of a correlation between the X-ray emission and VHE
gamma-ray emission from the gamma-ray binary LS I +61 303
[42] (see however [84]). The electron cooling times owing to syn-
chrotron, IC and adiabatic losses inside the system are expected
to be around a few thousand seconds (see, e.g. [91]). If there is a
time delay between the non-thermal emission at different bands
(e.g., X-ray and TeV) larger than the electron cooling time scale,
the emission from these bands would most likely have an origin
in different locations in the binary. The detection of such a delay
has been impossible with the current generation of IACTs, so here
we present a study of the capability of CTA for such a study. Further-
more, since CTA will operate together with a new generation of
X-ray telescopes, such as the Japanese X-ray telescope Astro-H, we
have done this study considering the capabilities of this new instru-
ment. LS I +61 303 is the binary system selected for this study.

Based on the short X-ray flares from LS I +61 303 detected in
[86], we have chosen to model a Gaussian flare with a width of
1500 s. In the Chandra observations, these flares have a baseline
count rate of 0.35 s!1 and a peak of 0.8 s!1, corresponding to unab-
sorbed energy fluxes of " 8 and " 19 times 10!12 erg cm!2 s!1,
respectively. We used these parameters to simulate the light curve
detected by Astro-H. Using the correlation between X-rays and VHE
gamma rays found in [42] and the tools for simulating the CTA re-
sponse, we generate the corresponding VHE light curves of the

flare as seen by CTA array above 65 GeV in configuration I. We
have used a time binning of 600 s for both the CTA and the As-
tro-H light curves (LC), and studied positive delays of the TeV light
curve with respect to the X-ray light curve in the range 0 to 2000 s
in steps of 100 s. We show in the top panels of Fig. 9 the simulated
light curves corresponding to 500-s delay (left) and 1000-s delay
(right). In the middle panels of Fig. 9 we show the X-ray fluxes
as a function of the TeV fluxes in both cases. A low correlation coef-
ficient is obtained due to a loop structure induced by the delay.
When the delay is 0 the average correlation coefficient is
r = 0.86#0.04.

To clearly detect such delayed correlations, we have used the z-
transformed discrete correlation function (ZDCF), which deter-
mines 68% confidence level intervals for the correlation coefficient
for running values of the delay (see, e.g. [92,93]). We show in the
bottom panels of Fig. 9 the ZDCF in the case of 500-s delay (left)
and 1000-s delay (right). The detection of correlated signals is clear
in both cases. Since the VHE LC is generated from the X-ray one,
their errors are correlated and the scattering of one original (X-
ray) light curve affects the second one (VHE). To correct this prob-
lem we went through simulations: we started with 100 Astro-H LC.
With each of this 100 LC we produced 10 other X-ray LC by adding
a Gaussian noise to the original ones, for each simulated delay.
Then we simulated the corresponding VHE LC. At the end we
had, for each delay, a sample of 1000 pairs of LC. For each pair of
light curves we have calculated the ZDCF. To evaluate how signif-
icant is the measurement of a delay using the ZDCF we have fitted
Gaussian functions to the maxima of the ZDCF. At the end we have
1000 values of the peak for each simulated delay distributed
around the real delay (see Fig. 10). The measured delay is then cal-
culated as the mean value of the distribution and its uncertainty is
the standard deviation. In Fig. 11 we show the measured delay as a
function of the simulated delay following the procedure described
above. Considering all possible uncertainties, delays of "1000 s can
be significantly detected at a 3r confidence level in simultaneous
light curves obtained with Astro-H and CTA. These results are, to
first order, independent of the duration of the short flares, as far
as they last longer than the binning. Overall, these results indicate
that CTA will allow us to localize and constrain the X-ray ant TeV
emitting regions of gamma-ray binaries and their properties.

4.5. Exploring the collision of microquasar jets with the interstellar
medium

To simulate the CTA response to the observation of MQ jet/ISM
interactions, we have used the theoretical predictions for a source
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LS 5039 periodicity:

Cyg X-1 Outburst
Paredes et al, 2013  
A&A CTA Special Issue

with a jet power of 1038 erg s!1, a source age of 105 yr embedded in
a medium with particle density of 1 cm!3[62]. Gamma-ray spectra
with Cph " 2:45 and Cph " 2:85 are derived from current theoreti-
cal models for the leptonic and hadronic contribution, respectively
[62,63]. We studied the CTA performance in 50 hours of observa-
tion time using the simulation tools for the B and E array configu-
rations. Fig. 12 shows the obtained SED. The simulated flux is at a
level"1% of that of the Crab Nebula, although the steepening of the
spectrum at high energies would make it difficult to detect the
sources above a few TeV.

Regarding the extension of the emission as seen in gamma rays,
accelerated particles emitting at VHE do not have time to propa-
gate to large distances since radiative cooling is very effective.
The emission will be mostly confined to the accelerator region it-
self. The emitter size may not largely exceed the width of the jet,
" 1 pc, in the reverse shock region. In the case of the bow shock,

although it may extend sideways for much larger distances, only
the region around its apex (" few pc) will effectively accelerate
particles up to the highest energies. The total angular size of the
emission from a source located 3 kpc away may then be K few
arcmin, and CTA would image a point-like source with only a mar-
ginal extension roughly perpendicular to the jet direction.

To resolve the TeV emission produced in the jet/medium inter-
action regions and disentangle it from the putative contribution
produced close to the jet base, the reverse/bow shocks need to
be located at a distance J 1019 cm. Although the precise location
of the interaction regions for a particular source can be difficult
to predict since they depend on the jet power and age and the
medium density surrounding the system, hot spots displaying
non-thermal emission at similar distances have been found, e.g.
in SS 433 [94]. Upper limits to the TeV emission from jet/medium
interaction regions have been already reported for some

Fig. 9. CTA simulations of LS I +61 303. Top left: X-ray and VHE light curves of a Gaussian flare with sigma of 1500 s and 500-s delay. Top right: same with 1000-s delay. Middle
left: X-ray flux vs. VHE flux for 500-s delay. Middle right: same with 1000-s delay. Bottom left: ZDCF for 500-s delay. Bottom right: same with 1000-s delay.

310 J.M. Paredes et al. / Astroparticle Physics 43 (2013) 301–316Gaussian Flare (LSI +61 303)
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Comparison
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Compton Telescopes Fermi-LAT IACTs (e.g. HESS) WCTs (HAWC)

Energy Range Medium-energy Gamma High-Energy Gamma Very-High-Energy 
Gamma

Very-High-Energy 
Gamma

Field of view Large Effectively All-Sky Small Half-Sky

PSF (E-dependant) fair ≈1° good 0.1-1.0° good 0.01-0.1° fair 0.3-0.5°

Energy Resolution good ≈10% good ≈10% good ≈10% poor 50%-100%

Duty Cycle very good very good poor very good

Sky Coverage full full half half

Short-Term Sensitivity good good (GeV)
 poor (>100GeV) good (>100GeV) poor



S. Fegan, 
 https://github.com/sfegan/kifune-plot , 

original by Tadashi Kifune 1996


"Kifune Plot"
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Gamma-ray Instrument Sensitivities
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Eur. Phys. J. Plus (2018) 133: 324 Page 7 of 18

Table 1. A comparison of the characteristics of Fermi, the IACTs and of the Extensive Air Showers (EAS) particle detector
arrays. Sensitivity computed over one year for Fermi and the EAS, and over 50 h for the IACTs.

Quantity Fermi IACTs EAS

Energy range 20MeV–200 GeV 100GeV–50 TeV 400 GeV–100 TeV

Energy res. 5–10% 15–20% ∼ 50%

Duty cycle 80% 15% > 90%

FoV 4π/5 5 deg × 5 deg 4π/6

PSF (deg) 0.1 0.07 0.5

Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Fig. 3. Point source continuum differential sensitivity of different X- and gamma-ray instruments. The curves for INTE-
GRAL/JEM-X, IBIS (ISGRI and PICsIT), and SPI are for an effective observation time Tobs = 1 Ms. The COMPTEL and
EGRET sensitivities are given for the typical observation time accumulated during the ∼ 9 years of the CGRO mission. The
sensitivity is for a high Galactic latitude source in 10 years of observation in survey mode. For MAGIC, VERITAS, H.E.S.S.,
and CTA, the sensitivities are given for Tobs = 50 hours. For HAWC Tobs = 5 yr, for LHAASO Tobs = 1 yr, and for HiSCORE
Tobs = 1000 h. This figure shows also the sensitivity of e-ASTROGAM (see sect. 9), calculated at 3σ for an effective exposure
of 1 year and for a source at high Galactic latitude.

Two kinds of gamma-ray instruments exist: space-based and ground-based detectors. These two typologies are
complementary. The experimental spectrum of gamma rays spans indeed 7 decades in energy and about 14 in flux,
rapidly decreasing towards high energies. It is therefore clear that the larger is the energy, the larger should be
the effective area, defined as the product of the geometrical area and the detector efficiency. Because of the cost of
space technology, the geometrical area cannot however exceed ∼ 1m2. This aspect makes space-based detectors more
appropriate for measuring gamma rays in the MeV–mid-GeV energy range. Going to higher energies, large detection
areas are needed and can be deployed only at ground, exploiting the fact that, for energies above ∼ 30GeV, the
so-called electromagnetic air showers start to become detectable (whereas if the energy is too low, the shower cannot
develop properly). When a gamma ray enters the atmosphere, it generates a cascade of secondary particles: the photon
converts into pairs of e+e− at high altitude and each high-energy e± radiates secondary gamma rays mostly through
bremsstrahlung, which further convert into e+e− pairs of lower energies.

In the following, both space- and ground-based techniques are discussed, focusing on some historical remarks [22]
and briefly describing the past and current generations of gamma-ray detectors with their key characteristics, such as
the field of view (FoV), the duty cycle, the background (mainly CRs) rejection, the angular and energy resolution, the
sensitivity. The main figures of merit of the current detectors are reported in table 1. Figure 3 shows the sensitivity
for past and current gamma-ray detectors, along with future ground-based experiments like CTA, LHAASO and
HiSCORE and a possible future space mission, e-ASTROGAM. The future directions are discussed in sect. 9.

5.1 Space-based detectors

Space-based telescopes can measure gamma rays between ∼ 300 keV and ∼ 300GeV, limited by flux. As compared to
soft X-ray astronomy, space-based gamma-ray astronomy faces additional challenges. One of them is that gamma rays
above some MeV cannot be focused and have to be detected through their interaction products. As a consequence,

De Angelis and Mallamaci ;  Eur. Phys. J. Plus (2018)  
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Detection: All Sky VHE gammas
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IACTs, 1-2 km

Particle detector, 
       4-5 km a.s.l.

a.s.l.

EAS Sampling Arrays & Altitude  
See talk by 
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HAWC 
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High Altitude Water-Cherenkov observatory
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HAWC Survey 2014-2018
Crab at >100 sigma
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The Astrophysical Journal, Volume 843, Issue 1, article id. 40, 21 pp. (2017)
Crab at >100 σ.

>39  candidate sources, pivot energy ~ 7 TeV
Latest Survey: HAWC 11/2014-04/2018 

CTA Symposium 2019, P. Huntemeyer
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Other VHE large-FOV instruments:
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Begin of LHAASO Science Operation 04/2019  
Complementarity of LHAASO & HAWC  

• HAWC and LHAASO are at about the same latitude (28°N) but opposite sides of the globe.     
Together they minimize the survey gap of the Northern hemisphere! 

• LHAASO is expected to reach HAWC sensitivity in about 5 years

HAWC FoVOther Ongoing Large-Field-of-View-Projects 
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Future All-Sky: SGSO
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