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Figure 29.8: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [90–105].

Measurements of flux with small air shower experiments in the
knee region differ by as much as a factor of two, indicative of
systematic uncertainties in interpretation of the data. (For a review
see Ref. 89.) In establishing the spectrum shown in Fig. 29.8, efforts
have been made to minimize the dependence of the analysis on the
primary composition. Ref. 98 uses an unfolding procedure to obtain
the spectra of the individual components, giving a result for the
all-particle spectrum between 1015 and 1017 eV that lies toward the
upper range of the data shown in Fig. 29.8. In the energy range
above 1017 eV, the fluorescence technique [106] is particularly useful
because it can establish the primary energy in a model-independent
way by observing most of the longitudinal development of each shower,
from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light
absorption in the atmosphere and the calculation of the detector’s
aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic
origin, the knee could reflect the fact that most cosmic accelerators
in the galaxy have reached their maximum energy. Some types of
expanding supernova remnants, for example, are estimated not to be
able to accelerate protons above energies in the range of 1015 eV.
Effects of propagation and confinement in the galaxy [109] also need
to be considered. The Kascade-Grande experiment [100] has reported
observation of a second steepening of the spectrum near 8 × 1016 eV,
with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of
a higher energy population of particles overtaking a lower energy
population, for example an extragalactic flux beginning to dominate
over the galactic flux (e.g. Ref. 106). Another possibility is that the
dip structure in the region of the ankle is due to pγ → e+ + e−

energy losses of extragalactic protons on the 2.7 K cosmic microwave
radiation (CMB) [111]. This dip structure has been cited as a robust
signature of both the protonic and extragalactic nature of the highest
energy cosmic rays [110]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above
1018 eV, consistent with the maximum expected range of acceleration
by supernova remnants.

The energy-dependence of the composition from the knee through
the ankle is useful in discriminating between these two viewpoints,
since a heavy composition above 1018 eV is inconsistent with the
formation of the ankle by pair production losses on the CMB.
The HiRes and Auger experiments, however, present very different
interpretations of data on the depth of shower maximum Xmax, a
quantity that correlates strongly with the interaction cross section of
the primary particle. If these results are interpreted using standard
extrapolations of measured proton and nuclear cross sections, then the

 [eV]E
1810 1910 2010

]
-1

 sr
-1  s

-2
 m

1.
6

 [G
eV

F(
E)

2.
6

E

1

10

210

310

Telescope Array

Auger

Figure 29.9: Expanded view of the highest energy portion of
the cosmic-ray spectrum from data of the Telescope Array [104],
and the Auger Observatory [105].

HiRes data [112] is consistent with the ultrahigh-energy cosmic-ray
(UHECR) composition getting lighter and containing only protons
and helium above 1019 eV, while Auger [113,114] sees a composition
getting lighter up to 2 × 1018 eV and becoming heavier after that,
intermediate between protons and iron at 3 × 1019 eV. This may
mean that the extragalactic cosmic rays have a mixed composition at
acceleration similar to the GeV galactic cosmic rays. It is important
to note that the measurements of Xmax may be interpreted with equal
validity in terms of a changing proton-air cross-section and no change
in composition.

If the cosmic-ray flux at the highest energies is cosmological in
origin, there should be a rapid steepening of the spectrum (called
the GZK feature) around 5 × 1019 eV, resulting from the onset of
inelastic interactions of UHE cosmic rays with the cosmic microwave
background [115,116]. Photo-dissociation of heavy nuclei in the
mixed composition model [117] would have a similar effect. UHECR
experiments have detected events of energy above 1020 eV [106–107].
The HiRes fluorescence experiment [102,125] detected evidence of
the GZK suppression, and the Auger observatory [103–105] has
also presented spectra showing this suppression based on surface
detector measurements calibrated against fluorescence detectors using
events detected in hybrid mode, i.e. with both the surface and
the fluorescence detectors. The Telescope Array (TA) [104] has also
presented a spectrum showing this suppression. The differential energy
spectra measured by the TA and by Auger agree within systematic
errors below 1019 eV (Fig. 29.9). At higher energies, TA observes
more events than would be expected if the spectral shape were the
same as that seen by Auger. TA has also reported a ‘hot spot’ in the
Northern Hemisphere at energies above 5.5 × 1019 eV of radius ∼ 20◦

with a post-trials statistical significance of this excess with respect to
an isotropic distribution of 3.4σ [108].

One half of the energy that UHECR protons lose in photoproduction
interactions that cause the GZK effects ends up in neutrinos [118].
Measuring this cosmogenic neutrino flux above 1018 eV would help
resolve the UHECR uncertainties mentioned above. The magnitude of
this flux depends strongly on the cosmic-ray spectrum at acceleration,
the cosmic-ray composition, and the cosmological evolution of the
cosmic-ray sources. In the case that UHECR have mixed composition
only the proton fraction would produce cosmogenic neutrinos. Heavy
nuclei propagation produces mostly ν̄e at lower energy from neutron
decay.

The expected rate of cosmogenic neutrinos is lower than current
limits obtained by IceCube [119], the Auger observatory [120],
RICE [121], and ANITA-2 [122], which are shown in Fig. 29.10
together with a model for cosmogenic neutrino production [123] and the
Waxman-Bahcall benchmark flux of neutrinos produced in cosmic ray
sources [124]. At production, the dominant component of neutrinos

Cosmic-ray Hadron Spectrum

~108 eV (~100 MeV) to > 1020 eV, with a power law of dN/dE = E-2.7 to E-3.0 
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Appendix B: H.E.S.S. image with overlaid XMM contours

Fig. B.1. H.E.S.S. gamma-ray excess image of RX J1713.7�3946 with overlaid XMM-Newton contours (1–10 keV).

Fig. C.1. Results of the border-finder algorithm. On the left, the H.E.S.S. gamma-ray excess image of RX J1713.7�3946 is shown with overlaid
borders of the gamma-ray (red) and X-ray (grey) data detected by the border-finder algorithm described in Chan & Vese (2001). The wedges in
which the radial profiles in Sect. 3.2 are studied are also shown along with the Galactic plane. On the right, the same two borders are overlaid on
the XMM-Newton X-ray image for comparison.

Appendix C: Results from a border-detection

algorithm

As an alternative method to determine the extent of the SNR
shell the border-detection algorithm described by Chan & Vese
(2001) was used on the XMM-Newton and H.E.S.S. maps. This
method is widely used in image analysis to separate complex fea-
tures from backgrounds. Figure C.1 shows the H.E.S.S. image
together with the contours of the detected borders. The largest
di↵erences between the radial sizes appear towards the south-
west and towards the north. In the south-west the radial fitting
method (Region 3, see Sect. 3)shows the largest di↵erences be-

tween X-rays and VHE gamma rays. However, towards the north
(Region 5), the radial sizes are consistent in the fitting method.
In this area, the radial profiles are the most complex, and a dif-
fuse emission component along the Galactic plane may play an
important role. While the radial fitting approach tries to find the
absolute outer edge of the shell, the border-finder algorithm in-
terprets fainter outer structures in the X-ray map as background
not belonging to the SNR shell.

Tests with the H.E.S.S. map showed that the results from the
border-detection algorithm are very stable against a large range
of di↵erent signal-to-noise levels as well as systematic changes
of the normalisation of the H.E.S.S. background by up to 2%.
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Figure 6
Typical γ -ray energy spectra for several of the most prominent supernova remnants (SNRs). Young SNRs
(<1,000 years) are shown in green. These typically show smaller γ -ray fluxes but rather hard spectra in the
GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX
J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (" = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency εCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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Supernova Remnants (SNRs)

Correlation between gamma emission and interstellar gas, and spectral shape consistent with π0 

LST SNRs; W44/W51C/IC443 are thought to be proton accelerators, but no PeV source is found so far 

RX J1713.7–3946:  > 10 TeV spectrum, but cuto" below 100 TeV → not a  PeVatron
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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If the accelerator injects particles (here we consider protons through-
out) at a continuous rate, ( )!Q Ep , the radial distribution of cosmic rays 
in the central molecular zone, in the case of diffusive propagation, is 
described9 as ( )= ( )

π ( )

!
w E r t, , Q E

D E rCR 4
p  erfc(r/rdiff), where D(E) and rdiff are  

the diffusion coefficient and radius, respectively. For timescales t 
smaller than the proton–proton interaction time (tpp ≈   
5 ×  104(n/103)−1 yr, where n is the density of the hydrogen gas in cm−3), 
the diffusion radius is ≈ ( )r D E t4diff . Thus, at distances r <  rdiff, the 
proton flux should decrease as ∼ 1/r provided that the diffusion coef-
ficient does not vary much throughout the central molecular zone. The 
measurements clearly support the wCR(r) ∝  1/r dependence over the 
entire central molecular zone region (Fig. 2) and disfavour both 
wCR(r) ∝  1/r2 and wCR(r) ∝  constant profiles (the former is expected if 
cosmic rays are advected in a wind, and the latter in the case of a single 
burst-like event of cosmic-ray injection). The 1/r profile of the cos-
mic-ray density up to 200 pc indicates a quasi-continuous injection of 
protons into the central molecular zone from a centrally located accel-
erator on a timescale ∆ t exceeding the characteristic time of diffusive 
escape of particles from the central molecular zone, that is, ∆ t ≥  tdiff ≈  
R2/6D ≈  2 ×  103(D/1030)−1 yr, where D (in cm2 s−1) is normalized to 
the characteristic value of multi-TeV cosmic rays in the Galactic disk10. 
In this regime the average injection rate of particles is found to  
be (≥ )≈ × ( / )!Q D10 TeV 4 10 10p

37 30  erg s−1. The diffusion coefficient 
itself depends on the power spectrum of the turbulent magnetic field, 
which is unknown in the central molecular zone region. This intro-
duces an uncertainty in the estimates of the injection power of relativ-
istic protons. Yet, the diffusive nature of the propagation is constrained 
by the condition R2/6D ! R/c. For a radius of the central molecular 
zone region of 200 pc, this implies D ! 3 ×  1030 cm2 s−1, and, conse-
quently, . × −! "Q 1 2 10 erg sp

38 1.
The energy spectrum of the diffuse γ -ray emission (Fig. 3) has been 

extracted from an annulus centred at Sagittarius (Sgr) A*  (see Fig. 1). 
The best fit to the data is found for a spectrum following a power law 
extending with a photon index of ∼ 2.3 to energies up to tens of TeV, 
without a cut-off or a break. This is the first time, to our knowledge, 
that such a γ -ray spectrum, arising from hadronic interactions, has 
been detected. Since these γ -rays result from the decay of neutral pions 
produced by pp interactions, the derivation of such a hard power-law 

spectrum implies that the spectrum of the parent protons should extend 
to energies close to 1 PeV. The best fit of a γ -ray spectrum from neutral 
pion decay to the HESS data is found for a proton spectrum following 
a pure power law with an index of ∼ 2.4. We note that pp interactions 
of 1 PeV protons could also be studied by the observation of emitted 
neutrinos or X-rays from the synchrotron emission of secondary elec-
trons and positrons (see Methods and Extended Data Figs 3 and 4). 
However, the measured γ -ray flux puts the expected fluxes of neutri-
nos and X-rays below or at best close to the sensitivities of the current 
instruments. Assuming a cut-off in the parent proton spectrum, the 
corresponding secondary γ -ray spectrum deviates from the HESS data 
at 68%, 90% and 95% confidence levels for cut-offs at 2.9 PeV, 0.6 PeV 
and 0.4 PeV, respectively. This is the first robust detection of a VHE 
cosmic hadronic accelerator which operates as a source of PeV particles 
(a ‘PeVatron’).

Remarkably, the Galactic Centre PeVatron appears to be located 
in the same region as the central γ -ray source HESS J1745− 290  
(refs 11–14). Unfortunately, the current data cannot provide an answer 
as to whether there is an intrinsic link between these two objects. The 
point-like source HESS J1745− 290 itself remains unidentified. Besides 
Sgr A* (ref.  15), other potential counterparts are the pulsar wind nebula  
G 359.95− 0.04 (refs 16, 17) and a spike of annihilating dark matter18. 
Moreover, it has also been suggested that this source might have a 
diffuse origin, peaking towards the direction of the Galactic Centre 
because of the higher concentration there of both gas and relativistic 
particles15. In fact, this interpretation would imply an extension of the 
spectrum of the central source to energies beyond 10 TeV, which how-
ever is at odds with the detection of a clear cut-off in the spectrum of 
HESS J1745− 290 at about 10 TeV (refs 19, 20; Fig. 3). Yet the attractive 
idea of explaining the entire γ -ray emission from the Galactic Centre by 
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best fit of a 1/rα profile to the data is found for α =  1.10 ±  0.12 (1σ). The 
1/r radial profile is clearly preferred for the HESS data.
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red lines show the numerical computations assuming that γ -rays result from 
the decay of neutral pions produced by proton–proton interactions. The 
fluxes of the diffuse emission spectrum and models are multiplied by 10 to 
visually separate them from the HESS J1745−290 spectrum.
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Galactic Center Region

Massive black hole (4 × 106 M⦿) at Sgr A* (bright radio source) 

Point source HESS J1745–290 at Str A* and di"use gamma-ray emission 

Di"use component has a cuto"  energy of 2.9 PeV (68% conf.) → PeVatron?
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the PAMELA positron excess (Aharonian et al. 1995; Yüksel
et al. 2009).

When fitted with a uniform disk source model, the extent
observed in HAWC is around 2° in radius, and the measured
spectral index is relatively hard at −2.2. The measured
spectrum depends on the assumed morphology. The flux
measured by HAWC with a 2° radius disk model is
compatible (within statistical error) with the one reported in
Abdo et al. (2007), using an extended source model (2°. 8
FWHM Gauss model). A detailed study of Geminga and
2HWC J0700+143 (see next section) by HAWC will be
presented in a dedicated publication (HAWC Collaboration
2017, in preparation).

5.3. 2HWC J0700+143

With a TS of 29, 2HWC J0700+143 is a new TeV source
discovered in the 1° extended search. The corresponding TS
maximum in the 2° extended search is 51. It is associated with the
B0656+14 pulsar, which has similar characteristics to the Geminga
pulsar: old (111 kyr), nearby (288 27

33
�
� pc), and low spindown power

(3.8 1034q erg s−1 ) (Brisken et al. 2003). The corresponding
supernova is believed to be the origin of the Monogem Ring. As
for Geminga, PSR B0656+14 has been proposed as a significant
contributor to the local lepton populations.
The measured extent of this source is around 2°, with a hard

spectral index of about −2.

Figure 8. Same as Figure 7, but farther along the Galactic Plane.
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detectors ATIC-2 (7), CREAM (16), and NUCLEON (17) are overlaid
for comparison. The DAMPE spectrum is consistent with those of
PAMELA and AMS-02. At higher energies, our results are also
consistent with that of CREAM, ATIC-2, and NUCLEON when the
systematic uncertainties are taken into account.

DISCUSSION
The features of the proton spectrum measured by DAMPE in the
energy range from 40GeV to 100 TeV give fundamental information
about the origin and propagation of Galactic CRs. A spectral harden-
ing at a few hundred giga–electron volt energies is shown in our data,
in agreementwith that of PAMELA (10) andAMS-02 (11). As discussed
in several papers [(29) and references therein], the hardening can be due
to either details of the acceleration mechanism, effects in the propaga-
tion in the Milky Way, or the contribution of a new population of CRs
(e.g., a nearby source). Furthermore, the DAMPE measurement gives
strong evidence of a softening at about 10 TeV. It is worth reminding
that a maximum of the large-scale anisotropy has been observed just at
that energy [see, e.g., (29, 30)]. We fit the spectrum with energies be-
tween 1 and 100 TeV with a single PL model and a smoothly broken
PL (SBPL) model, respectively, and find that the SBPLmodel is favored
at the 4.7s confidence level compared with the single PL one (see
Materials and Methods for details of the fit). For the SBPL model fit,
the break energy is 13:6þ4:1

"4:8 TeV, the spectral index below the break
energy is 2.60 ± 0.01, and the change of the spectral index above the
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Fig. 2. Proton spectrum from 40 GeV to 100 TeV measured with DAMPE (red
filled circles). The red error bars show the statistical uncertainties, the inner shaded
band shows the estimated systematic uncertainties due to the analysis procedure, and
the outer band shows the total systematic uncertainties including also those from
the hadronic models. The other direct measurements by PAMELA (10) (green stars),
AMS-02 (11) (blue squares), ATIC-2 (7) (cyan diamonds), CREAM I + III (16) (magenta
circles), and NUCLEON-KLEM (17) are shown for comparison. For the PAMELA data,
a −3.2% correction of the absolute fluxes has been included (43, 44). The error bars
of PAMELA and AMS-02 data include both statistical and systematic uncertainties
added in quadrature. For ATIC-2, CREAM, and NUCLEON data, only statistical uncer-
tainties are shown.

Table 1. Fluxes of CR protons measured with DAMPE, together with 1s statistical and systematic uncertainties. The systematic uncertainties include
those associated with the analysis procedure sana (e.g., the event selection, the background subtraction, and the spectral deconvolution) and the energy
responses due to different hadronic models shad.

〈E〉 (GeV) Emin (GeV) Emax (GeV) F ± sstat ± sana ± shad (GeV−1 m−2 s−1 sr−1)

49.8 39.8 63.1 (2.97 ± 0.00 ± 0.14 ± 0.20) × 10−1

78.9 63.1 100.0 (8.43 ± 0.00 ± 0.40 ± 0.56) × 10−2

125.1 100.0 158.5 (2.38 ± 0.00 ± 0.11 ± 0.16) × 10−2

198.3 158.5 251.2 (6.64 ± 0.00 ± 0.31 ± 0.44) × 10−3

314.3 251.2 398.1 (1.89 ± 0.00 ± 0.09 ± 0.12) × 10−3

498.1 398.1 631.0 (5.39 ± 0.01 ± 0.25 ± 0.36) × 10−4

789.5 631.0 1000 (1.60 ± 0.00 ± 0.07 ± 0.11) × 10−4

1251 1000 1585 (4.81 ± 0.01 ± 0.23 ± 0.33) × 10−5

1983 1585 2512 (1.45 ± 0.01 ± 0.07 ± 0.13) × 10−5

3143 2512 3981 (4.45 ± 0.02 ± 0.21 ± 0.44) × 10−6

4981 3981 6310 (1.36 ± 0.01 ± 0.06 ± 0.13) × 10−6

7895 6310 10,000 (4.06 ± 0.04 ± 0.19 ± 0.40) × 10−7

12,512 10,000 15,849 (1.20 ± 0.02 ± 0.06 ± 0.12) × 10−7

19,830 15,849 25,119 (3.35 ± 0.07 ± 0.17 ± 0.33) × 10−8

31,429 25,119 39,811 (9.03 ± 0.26 ± 0.48 ± 0.89) × 10−9

49,812 39,811 63,096 (2.47 ± 0.11 ± 0.15 ± 0.24) × 10−9

78,946 63,096 100,000 (6.50 ± 0.40 ± 0.50 ± 0.64) × 10−10
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Other Recent Gamma/CR Observations (1)

Sources found in > ~10 TeV Sky by HAWC are not completely identical with H.E.S.S. sources (< ~10 TeV) 
→ Are we observing mixture of multiple PeVatrons? 
DAMPE and other satellite measurements revealed spectrum hardening and softening in 1–100 TeV 
→ Galactic CRs are originated from di"erent accelerator object types?
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observed 251 TeV photonlike event is calculated to be
PCR¼Pμ×NNoCut

BG =1event¼1.7×10−3. Above 250 TeV,
we found four photonlike events against 0.8 cosmic-ray
background events corresponding to a 2.4σ statistical
significance. The contamination from the lower energies
below 250 TeV due to the finite energy resolution is
estimated to be 0.4 events. The PCR’s and other parameters
of these four events are summarized in Table I. The PCR’s in
Table I indicate that three events are highly photonlike,
while the highest energy event is a borderline photonlike
event which is consistent with a cosmic-ray background
event with a probability of 0.23.
Finally, Fig. 5 shows the differential energy spectrum of

Crab photons. The red solid circles indicate the energy
spectrum measured by the Tibet ASþMD array, featuring
by a single power law of ðdN=dEÞ ¼ ð1.49% 0.09Þ ×
10−15ðE=40 TeVÞ−2.91%0.04 cm−2 s−1 TeV−1 in the energy
range between 3 and ∼400 TeV. The unfolding procedure
of the spectrum is basically the same as employed in the
previous works [14], while the energy resolutions are
improved at higher energies. The energy bin purities
evaluated from the smearing by the energy resolution is
estimated to be 83% (86%) for 100 < E ≤ 250 TeV
(250 < E ≤ 630 TeV). In each bin, the spillover fractions

from lower and higher energy bins are 14% (12%)
and 3% (2%), respectively, for 100 < E ≤ 250 TeV
(250 < E ≤ 630 TeV). We found no clear evidence for
the exponential cutoff below 100 TeV. The spectrum
measured by the Tibet-III array up to 40 TeV [14] is
shown by the red open circles. Both spectra are mutually
consistent with each other in the overlapping energy range
within statistical errors. The H.E.S.S. experiment measured
spectra in 2003–2005 [6] and 2013 during the gamma-ray
flare periods detected by Fermi-LAT [28]. The former
appears to favor an exponential cutoff shape, while the
latter seems to extend the power-law trend. The spectrum
measured by the Tibet ASþMD well follows the data
of the HEGRA experiment and extends to the sub-PeV
energy regime without a cutoff sign. The integral fluxes
observed by the Tibet ASþMD array are also calculated
to be Fð>100 TeVÞ ¼ ð3.29þ1.06

−0.87Þ × 10−15 cm−2 s−1 and
Fð>250TeVÞ¼ð5.72þ5.72

−3.48Þ×10−16 cm−2s−1, respectively,
which are consistent with and lower than the previous
upper limits given by the CASA-MIA experiment [13] and
Tibet AS with 100 m2 prototype MD [15], respectively.
The emission mechanism for the multi-TeV photons

from the Crab is thought to be the inverse-Compton (IC)
scattering of ambient seed photons by relativistic electrons
[30]. The model energy spectra have been calculated based
on the IC scattering of various seed photons, such as
synchrotron emission, far-infrared, cosmic microwave
background (CMB) radiation, and so on. The solid curve
in Fig. 5 is the best-fit model for the HEGRA data [12]. Our

FIG. 4. Cumulative probability (Pμ) of ΣNμ for cosmic-ray
events above 251 TeV, which are recorded under similar
geometries (θ % 5° and rcore % 30 m) as the 251 TeV photonlike
event in Fig. 1. The vertical dashed line indicates ΣNμ ¼ 2.3
detected in the 251 TeV photonlike event.

TABLE I. Probability of misidentifying cosmic-ray events from
the Crab as a photonlike event (PCR) for each of four photonlike
events above 250 TeV together with other reconstructed values. θ
and rcore are the zenith angle and core distance from the AS array
center, respectively.

E (TeV)
ΔE
(TeV) Σρ ΣNμ θ (°) rcore (m)

ϕ2

(deg2) PCRð>EÞ
251 þ46

−43 3248 2.3 29.8 35.1 0.00 1.7 × 10−3

313 þ58
−54 2440 5.5 27.5 94.6 0.03 2.2 × 10−2

449 þ112
−97 2307 11.3 35.4 93.3 0.12 2.9 × 10−2

458 þ83
−78 2211 21.5 27.5 111.6 0.18 0.23

FIG. 5. Differential energy spectrum of Crab photons. The red
solid circles and open circles show fluxes observed with the Tibet
ASþMD and Tibet-III array [14], respectively. The magenta
arrows with plus mark show the previous upper limits at the
90% confidence level given by the Tibet AS and the 100 m2

prototype MD [15]. The green squares, open squares, blue solid
triangles, and blue crosses show flux points observed with three
Cherenkov telescopes: HEGRA [12], MAGIC [29], H.E.S.S. [6],
and H.E.S.S. during the gamma-ray flare periods detected by
Fermi-LAT in 2013 [28], respectively. The solid curve is a model
fit for the IC scattering of various seed photons [12].
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for each event and used with the time of the event to calculate
an R.A. and decl., which is added to the background map. This
process is repeated 10,000 times for each event; the back-
ground map is then normalized to the number of events in the
map. This produces a background estimate much smoother than
given by direct integration. Direct integration is still used for
higher-statistics bins, as it is less computationally intensive and
is needed to correctly incorporate the cosmic-ray anisotropy
into the background estimate.

The background estimation technique described above has
the potential to be systematically biased if the local coordinate
distributions are not stable in time. The zenith and azimuthal
angle distributions have been checked and found to have the
required stability.

4.4. Likelihood Fit

The functional form assumed for the forward-folded fit is a
log parabola:

G� B C� �dN
dE

E E . 6E E
0 0

ln 0( ) ( )( )

Previous measurements indicate that a log parabola is likely to
be a good fit to the Crab Nebula spectrum. The pivot energy,
E0, was chosen to be 7 TeV to minimize correlations with the

other parameters. The other parameters are free in the fit, which
is performed using the HAWC plug-in to the Multi-Mission
Maximum Likelihood framework (Vianello et al. 2015; Younk
et al. 2015), an analysis pipeline that is capable of handling
data from a wide variety of astrophysical detectors. The
spectral parameters f0, α, and β are chosen to maximize the
test statistic

G B C
w �TS

L

L
2 ln

, ,
, 7S B 0

B

( ) ( )

where LS+B is the likelihood for the signal-plus-background
hypothesis and LB is the likelihood for the background-only
hypothesis.
Although the Crab Nebula is slightly extended at TeV

energies (Holler et al. 2017), it is modeled as a point source
here. HAWC lacks the angular resolution to measure the extent.
The spectra of the Crab Nebula obtained using the two

energy estimators can be seen in Figure 9, and the global best-
fit parameters over the HAWC energy range can be seen in
Table 3. Uncertainties quoted in the table are statistical only.

Figure 8. The 68% containment values in data and Monte Carlo simulation for
the GP energy estimator (top) and NN (bottom). Only bins where the Crab
Nebula is detected at >3σ are shown. The plot is arranged so that bins
contributing to a given energy bin are collected together in order of increasing
� value, with divisions between estimated energy bins given by the vertical
gray lines. The reconstructed energy ranges are labeled. The data/MC
discrepancy visible in the figure is small (∼5%) and treated in the systematic
uncertainty analysis. It is a subdominant contribution to the overall systematic
uncertainty. This is discussed further in Section 4.5.1.

Figure 9. Crab spectrum obtained with the GP method (black) and NN method
(green). The error bars on the flux points are statistical only. The shaded gray
and green shaded bands denote systematic uncertainties. The upper ranges of
the overall forward-folded fit are calculated using binomial statistics (described
in Section 4.4.2). This method breaks down when there are large numbers of
events, so the lower ranges of the fits are chosen by looking at the simulated
energy distribution in the lowest-energy bin and finding the energy that 90% of
the events in that bin are above. For comparison, the HAWC Crab fit from
Abeysekara et al. (2017a) is also shown. See the text for details of how the flux
points were obtained. Systematic uncertainties are discussed further, in
Section 4.5. The dotted navy line is the Inverse Compton parameterization
from Meyer et al. (2010). References for other experiments: HESS (Holler
et al. 2015), VERITAS (Meagher 2015), MAGIC (Aleksić et al. 2015), Tibet
ASγ (Amenomori et al. 2015), ARGO YBJ (Bartoli et al. 2015), HEGRA
(Aharonian et al. 2004).

Table 3
Likelihood Fit Results

Estimator f0 α β
(10−13 TeV cm2 s)−1

GP 2.35±0.04 2.79±0.02 0.10±0.01
NN 2.31±0.02 2.73±0.02 0.06±0.01

Note. The results of the likelihood fit to a log-parabola shape for each
estimator. Uncertainties are statistical only.
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Other Recent Gamma/CR Observations (2)

100 TeV 超のガンマ線は、かに星雲 (Crab Nebula) でようやく見えてきたばかり (チェレンコフ望遠鏡ではそこま
で長時間 Crab を観測しない) 

Crab では電子加速による逆コンプトン散乱なので、宇宙線陽子の PeV までの加速の証拠ではない 
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Fermi/LAT All-sky Map (30 MeV–300 GeV)

Where do cosmic-ray protons come from? One of the biggest issues in CR 
physics 

Supernova remnants? Galactic Center? Any other sources?
10

Crab Nebula



TeV Source Map
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HAWC ( > 20 TeV)



Imaging Atmospheric Cherenkov Telescopes (100 GeV–10 TeV)

3–30 m diameter mirrors to detect atmospheric Cherenkov photons (300–500 nm) in moonless nights 
H.E.S.S. (@Namibia, 4 × 12 m & 1 × 28 m), MAGIC (@La Palma, 2 × 17 m), VERITAS (@Arizona, 4 × 10 m)  

Wide e"ective area, high energy resolution (< 20%), high angular resolution  (< 0.1°), but narrow $eld 

of view (< 5°) and low operation coverage (ave. ~4 hours/day)
12

H.E.S.S/Stefan Schwarzburg

H.E.S.S. II (φ 28 m)

H.E.S.S. (φ 12 m) × 4

H.E.S.S/Arnim Balzer



Other Techniques

30 MeV–300 GeV, all-sky survey, high angular and energy resolution, but small e"ective area 
(~1 m2) 

HAWC, Tibet ASγ, LHAASO (ground-based particle detectors) 
‣ High energies > 1 TeV,  wide e"ective area, wide FOV,  and 24 hour/d, but low angular and energy resolution
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NASA

Large Area Telescope onboard 
the Fermi Gamma-ray Space Telescope

HAWC

J. Goodman
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2 Air showers, secondary atmospheric Cherenkov emission, imaging
atmospheric Cherenkov telescopes

High-energy cosmic gamma rays produce e± pairs in the atmosphere over
9
7 X0 (with the radiation length X0 ≈ 36.5 g/cm2 in air). This is followed by
Bremsstrahlung over the next radiation length which implies new γ -rays that
generate new pairs, etc., until the energy of the final generation of electrons
becomes so small that their fate is dominated by ionization losses which
rapidly cool and thermalize them. The result of these processes is called an
electromagnetic Air Shower that exists for about 10−4 s while traversing the
atmosphere. The multiplication of the number of particles and their eventual
removal by thermalization leads to a maximum number of shower particles at
about 250 to 450 g/cm2 for primary γ -rays of 20 GeV to 20 TeV, corresponding
to an atmospheric height of about 7 to 12 km above the ground.

The most realistic and complete description of the physical processes and
the corresponding results in the detector(s) is given by Monte Carlo (MC)
simulations. Except when explicitly noted we use the simulations performed by
one of us [2] which use the CORSIKA code [3]. It incorporates all the physics
of the atmospheric interactions and emission processes and gives the possibility
to statistically track their evolution in the atmosphere, down into the detector.

Not only γ -rays penetrate into the atmosphere, but also charged energetic
nuclei (Cosmic Rays). They must be distinguished from the γ -rays. Energetic
protons and nuclei undergo hadronic interactions and produce dominantly
neutral (π0) or charged (π±) pions. Whereas the former decay into two
gammas, the latter ultimately produce electrons, positrons and two neutrinos
via the π → µ → e decay. This leads to background air showers which are of a
mixed hadronic and electromagnetic nature. As a result of the large transverse
momentum transfer in hadronic interactions the hadronic shower component
is broad and irregular compared to the electromagnetic component (see Fig. 2).

Fig. 2 The different
character of gamma showers
and hadronic showers. The
gamma shower is slender and
to lowest approximation
axially symmetric about the
direction of the primary.
The hadronic shower is
irregular and may contain
electromagnetic subshowers
as a result of the large
transverse momenta
generated in hadronic
interactions (from
K. Bernlöhr)

Gamma shower Hadronic shower Exp Astron (2009) 25:173–191 181

Fig. 9 Projection of several images from within the light pool of an event into one camera plane
in a stereo system with four telescopes (from K. Bernlöhr)

particle number. The most advanced data analysis methods use 3-dimensional
modeling of the shower, no longer confining themselves to the use of the
2-dimensional image parameters alone.

The second major step forwards in the stereoscopic observation mode is
the suppression of the above-mentioned local muons with a stereo trigger:
they leave an image only in the telescope concerned, but not in the other
telescopes (unless the telescope light-gathering power is so enormous that even
a single charged particle can trigger an event from an inter-telescope distance,
a case which we will not discuss here). Therefore such events can be almost
completely eliminated (see Fig. 10). This is most important near the energy
threshold, where the shower images get weak and poorly defined. In other
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Fig. 10 Local muons hitting telescopes in the center and close to the periphery (left, courtesy
G. Hermann and W. Hofmann). In peripheral encounters the resulting image is difficult if not
impossible to distinguish from a low-energy γ -ray shower (right, based on H.E.S.S. data [15]). No
such effect occurs in the other telescopes of a multiple system. The exclusion of muon events in
stereoscopic systems reduces the muon background drastically
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0 6 15 30 60 150 300 p.e. 0 6 15 30 60 150 300 p.e.

2.6 TeV proton shower1.0 TeV gamma shower

Fig. 7 Difference between the images of gamma-induced and hadron-induced showers in the
camera (from K. Bernlöhr)

2.3 Stereoscopic method

The use of several telescopes observing the same shower in coincidence allows
a unique determination of the shower direction by projecting the images in all
triggered telescope cameras into one camera (see Fig. 9). Then the intersection
point of the image major axes yields the shower direction. Compared to a
single telescope the angular resolution, the energy resolution, the background
rejection and the sensitivity are improved. In addition this method allows the
3-dimensional reconstruction of the shower, including the height of maximum

Fig. 8 The start of
stereoscopy: HEGRA on La
Palma (1995–2002) [14]. The
five 3.5 m telescopes were
situated in the center and at
the 4 corners of a square of
100 m sidelength. The FoV
was ≈ 5◦ ca.

100 m

ca 100 m

176 Exp Astron (2009) 25:173–191

In general the flux of Cosmic Ray (CR) particles is much larger—by a factor
of about 103—than that of γ -rays. This implies a large background for γ -
ray astronomy from the ground. It must be separated from the γ -ray signal,
because no anti-coincidence shield can be applied as in space detectors.

At primary γ -ray energies of about 100 GeV very few energetic photons or
electrons reach the ground. But the shower electrons from the original γ -ray
are still observable with optical telescopes through their Cherenkov radiation
in the optical range, because this atmospheric Cherenkov emission reaches the
ground without major absorption. Figure 4 below gives an impression of the
overall configuration. The disadvantages of this very promising measurement
technique are the weakness of the Cherenkov light and, to some extent, its
optical character. They require large light collection devices and limit the
observation time to clear and moonless nights. The observation efficiency
is typically about 10%, depending critically on the astronomical quality of
the site.

2.1 Cherenkov light pool

The atmospheric Cherenkov light emission from a single particle is char-
acterized by a forward cone with an opening angle Θ ≈ 1◦ that increases
downwards. For a particle moving vertically downwards, the largest ring on
the ground near sea level is from a height of 12 to 15 km (see Fig. 3).

The ensemble of shower electrons from an energetic primary γ -ray pro-
duces a rather uniformly illuminated “light pool” on the ground, centered on
the shower core, with a radius of about 125 m, if the multiple scattering of the

α

particle

Cherenkov
light

charged

250 m

"light pool"

Fig. 3 Left: Atmospheric Cherenkov emission from a downward-moving single particle.
Right: The “light pool” at an observation level at 1800 m above sea level from a γ -ray shower
with a primary energy of 1 TeV (from K. Bernlöhr)

Atmospheric-Cherenkov Observation
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shower electrons is included (see Fig. 3). To first approximation it corresponds
to the effective area of a telescope that images the shower.

A schematic picture of a shower from a cosmic γ -ray source, illuminating
an array of telescopes on the ground, is given in Fig. 4. Since the atmospheric
index of refraction is very close to 1, the Cherenkov light almost keeps pace
with the radiating charged particles. Near the edge of the “light pool” most
light from a γ -ray shower arrives within 2 ns (see Fig. 5). Thus a very short
temporal window is possible, in order to suppress the dominant night sky
background. This suggests the use of fast photomultiplier cameras for the
telescopes.

2.2 Atmospheric Cherenkov telescopes

The lateral distribution of the Cherenkov photon density depends somewhat
on the atmospheric profiles in its amplitude. However, the dependence on
the distance from the shower core—the extrapolation of the direction of
the primary γ -ray–is essentially independent of the atmospheric conditions.
An example is shown in Fig. 5. At a γ -ray energy of 100 GeV about 1000
Cherenkov photons are produced in a 100 m2 telescope. With a conversion
efficiency of 10% this results in ∼ 100 photoelectrons in the image. Given that
the total number of Cherenkov photons is about proportional to the primary
γ -ray energy, this determines the threshold energy of the telescope.

Fig. 4 Schematic of the
Cherenkov light pool,
originating from a primary
γ -ray from within a
cosmic-ray source (e.g. a
supernova remnant) that
illuminates an array of
telescopes (from K. Bernlöhr)

~250 m

Völk and Bernlöhr  2009

γ CR p, α

n ~ 1.00028
θ ~ 1.3°
R ~ 150 m
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Cherenkov Telescope Array (CTA)
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Cherenkov Telescope Array (CTA)
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Image Credit: G. Pérez, IAC, SMM

Large-Sized Telescope (LST) 
  Dia. : 23 m 
  Energy : 20–150 GeV 
  NTel : 4 @ North, 4 @ South

Cherenkov Telescope Array (CTA)



16

cherenkov 
telescope 
array

Image Credit: G. Pérez, IAC, SMM

Medium-Sized Telescope (MST) 
  Dia. : 12 m 
  Energy : 150 GeV–5 TeV 
  NTel : 15 @ North, 25 @ South

Cherenkov Telescope Array (CTA)
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array

Image Credit: G. Pérez, IAC, SMM

Small-Sized Telescope (SST) 
  Dia. : 4 m 
  Energy : 5–300 TeV 
  NTel : 0 @ North, 70 @ South

Cherenkov Telescope Array (CTA)
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array

Image Credit: G. Pérez, IAC, SMM

Schwarzschild–Couder Telescope (SCT) 
  Dia. : 10 m 
  Energy : 150 GeV–5 TeV 
  NTel : 15 @ North, 25 @ South (incl. MSTs)

Cherenkov Telescope Array (CTA)



CTA Northern & Southern Sites

Wide energy coverage of 20 GeV–300 TeV with three telescope sizes 

Spread over ~5 km2 area to catch Cherenkov photons anywhere in the circle

17

Image Credit: G. Pérez, IAC, SMM

CTA North: La Palma, Spain

CTA South: Paranal, Chille

2.5 km

LST
MST
SST



1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are applied to
require at least ten detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different energy binning. The
curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
for HAWC is rather different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. Bottom: angular resolution expressed as the 68% containment radius of reconstructed gamma
rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
following references: Fermi-LAT [1], HAWC [2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves
represent the understanding of the performance of CTA at the time of completion of this document; for the
latest CTA performance plots, see https://www.cta-observatory.org/science/cta-performance.
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rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
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differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
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curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
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Large-Sized Telescopes (LSTs)

19

・Segmented 198 spherical mirrors 

・23-meter parabolic 

・Flat focal plane made of 1885 PMTs 

・4.5 deg &eld of view (FOV) 

・Typical spot size < 50 mm (1 pixel)

D = 23 m

f = 28 m

AO+ (2016)

50 mm



The First  LST Inaugurated in Oct 2018

20



LST Crab Observations: Significant Detection

Inauguration in Oct 2018, $rst light in Dec 2018 

Signi$cant Crab Nebular detection in Nov 2019  

Veri$cation that the LST 1 is working well (no physics result yet)
21

https://www.cta-observatory.org/lst1-detects-$rst-gamma-ray-signal/
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LST Crab Observations: Crab Pulsation

Another veri$cation web-released on Jun 22, 2020 

Low-energy detectability was performed 

Su"ering from the COVID-19 situation, but the on-site operation started again
22

https://www.cta-observatory.org/lst1-detects-vhe-emission-from-crab-pulsar/
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Medium-Sized Telescopes (MSTs)

23

・Segmented 90 spherical mirrors 

・12-meter Davies–Cotton 

・Flat focal plane made of ~1800 PMTs 

・8 deg &eld of view (FOV) 

・Typical spot size < 50 mm (1 pixel)

D = 12 m
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Davies–Cotton Configuration

24

Spherical (R = 2f)

Focal Plane

Parabolic

Focal Length f

Another standard optics design in Cherenkov telescopes 

Initially proposed for solar power plants, thus no good resolution



Both the primary and secondary mirrors can be segmented
to reduce the cost of the optical system. A possible arrange-
ment of mirror facets, as ‘‘petals’’, is shown in Fig. 7. This
scheme has the advantage of requiring a minimal number
of different surface shapes. A study of the tolerance of
alignment and positioning of mirrors is beyond the scope
of this paper. Nevertheless, our experience with the simula-
tions suggests that the requirements are stricter than those
applied to the H.E.S.S. and VERITAS optical systems. The
use of automated alignment and calibration systems will
likely be required, e.g. [29].
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Fig. 5. (Left) The effective area as a function of field angle for the three configurations of OS summarized in Table 2. (Right) The effective diameter of the
PSF of the light distribution in the focal plane of OSs.
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Fig. 6. Illustration of incoming rays traced through the optical system to the focal plane for tangential rays at field angles of zero (left) and five (right)
degrees.

Fig. 7. One possible scheme for faceting the primary and secondary
mirrors. Four different facet types are used on the primary, three on the
secondary. Each facet is limited to an area less than approximately 0.45 m2

with no linear dimension larger than 1 m.
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Fig. 8. Composite of images made in the focal plane of an aplanatic
telescope with configuration OS 2 by rays at field angles between zero and
seven degrees.
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Schwarzschild–Couder Configuration

Aspherical primary and secondary mirrors to achieve wide FOV and better resolution at the same time 

Wider FOV brings fast survey and wider e"ective area for higher-energy photons 

Finer shower-image resolution (→ higher sensitivity) and compact camera (→ less expensive) are expected 

Proposed by the CTA US group $rst for MSTs
25

Vassiliev+ (2007)

LST/MST pixel size



Schwarzschild–Couder Proposals for CTA

Schwarzschild–Couder MST (SCT) with 10-meter diameter for MST extension 
‣ US, Italy, Germany, Mexico, and ISEE/KMI 
‣ H. Tajima and A. O. have been working in SCT since ~2010 

4-meter SC SST × camera design was selected the $nal SST design from three proposals in June 2019 
‣ ISEE/KMI mainly involve in the camera development (SiPM, electronics, software) and optics simulation

26

Schwarzschild–Couder MST Schwarzschild–Couder SST

Credit: Deivid Ribeiro

D = 4 m
D = 10 m



PoS(ICRC2017)838

pSCT for CTA: Project Overview V. Vassiliev

5.4m and is highly aspheric. Both M1 and M2 mirrors are segmented with two types of segments
in each as shown in Figure 4. The focal surface is slightly parabolic to minimize astigmatic aber-
rations at the edge of the FoV (maximal sag is -22mm at the camera edge radius of 39cm). Further
details of the pSCT OS are given in the previous reports [10–12].

The detailed status of the pSCT optical system is reported elsewhere in these proceedings [13]
to which we refer the reader. Here we summarize that all M1 mirror panels are fabricated. Techno-
logical risk of manufacturing of M2 mirror panels is retired and manufacturing of all panels is near
completion. All elements of the alignment system are fabricated and undergoing integration.

5. pSCT Camera

Figure 5: pSCT camera hierarchical concept.
One of 177 FEE modules is pulled up and shown.

The overall design of the SCT camera
with 11,328 SiPM pixels has been previously
described in [14]. The hierarchical assem-
bly of the camera, shown in Figure 5, is di-
vided into 177 Front-End-Electronic (FEE)
modules, which are distributed over 9 trigger
sectors. For the pSCT camera, only the inner
most sector of 5⇥ 5 FEEs will be populated
(see Figure 6), which is equivalent to a FoV
of about 2.5°⇥2.5°. Although this limitation
of FoV is made due to cost considerations
of the project, the pSCT FoV is sufficient to
validate the performance of the camera elec-
tronics as it forms a complete trigger sector
controlled by a single backplane board. The

FoV can be later upgraded to a full 8.0°diameter envisioned for the SCT. A FEE module has
8⇥8 = 64 pixels with a size of 6.5⇥6.5 mm2 each (0.067°on sky). The SiPM, Hamamatsu type
S12642, is selected as the photon detector for 16 FEE modules of the pSCT camera.

Figure 6: Assembled mechanical structure of the camera (Left). Eight FEE modules installed into
pSCT camera (Right).

6

Need Compact Cameras with SiPMs

The concave secondary mirrors make the plate scales (≡ 1/f) large 
and enable us to build compact cameras 

Silicone photomultipliers (SiPMs) are used instead of conventional 
photomultipliser tubes (PMTs)

27

Credit: Christian Föhr (MPIK)
Vassiliev (2017)

SCT Prototype Camera (11328 pixels) SST Prototype Camera (2048 pixels)

~40 cm~80 m

~6 mm



E. Giro et al.: Optical validation of the ASTRI SST-2M Cherenkov telescope

Fig. 5. PSF of the ASTRI SST-2M telescope across the focal plane. Alignment and optical performance have been optimized at 3�. The Cherenkov
camera pixel size is overplotted for each PSF.

sharper than the others. The di↵erence between images taken
at the same angles is no more than 6%.

To calculate the D80 parameter, a background image was ac-
quired on the nearby sky patch without bright stars in the CCD
field and it was directly subtracted from the corresponding PSF
image. The D80 values for each o↵-axis position were calculated
using the total photon flux contained in the subtracted PSF image
of the entire CCD field and then plotted in Fig. 3. The obtained
values (filled circles on dashed curve) follow a pattern similar to
the ideal PSF design (continuous curve) with an additional aber-
ration due to contributions from manufacturing errors of M1 and
M2 figures and residual misalignment of the OS. These contri-
butions are consistent with the estimates foreseen during the AS-
TRI SST-2M design for uncorrelated components and are about
0.1�.

In summary, the measured D80 values are contained within
the SiPM pixel size (dash-dotted horizontal line) across the en-
tire FoV and they are well below the CTA requirement (horizon-
tal solid line). Figure 4 shows the EE values derived from the
subtracted PSF images for each o↵-axis position.

4. Conclusions

With the advent of the Cherenkov Telescope Array a huge e↵ort
in the design of the next generation of IACTs has been carried
out by the scientific community.

In this paper, after a brief description of Cherenkov ob-
servations and their role in high-energy astrophysics, the most
common optical solutions adopted for this kind of telescope
have been introduced. Moreover, we described the optical de-
signs used to optimize the PSF quality in wide-field configura-
tions. The ASTRI SST-2M telescope implements an optical lay-
out based on the Schwarzschild-Couder solution. Even though
the mathematical description of the SC layout was presented
about 100 yr ago, this is the first time that such a telescope has
been built and optically tested. The results of its characterization
demonstrated that the optical quality of the implemented tele-
scope across the FoV fulfils the requirements for Cherenkov

observations at the higher energies (>1 TeV), showing a good
agreement with the expected performances.

Acknowledgements. The authors acknowledge the support of the local sta↵ of
the Serra La Nave observing station, the INAF-Osservatorio Astrofisico di Cata-
nia, and the whole ASTRI team. They also acknowledge companies involved in
the realization of the telescope, in particular the GEC consortium (composed
of EIE and the Galbiati group), MediaLario Technologies, Flabeg, and Zaot.
This work is supported by the Italian Ministry of Education, University, and
Research (MIUR) with funds specifically assigned to the Italian National Insti-
tute of Astrophysics (INAF) for the Cherenkov Telescope Array (CTA), and by
the Italian Ministry of Economic Development (MISE) within the “Astronomia
Industriale” programme. We acknowledge support from the Brazilian Funding
Agency FAPESP (Grant 2013/10559-5) and from the South African Department
of Science and Technology through Funding Agreement 0227/2014 for the South
African Gamma-Ray Astronomy Programme. R. Canestrari and G. Sironi also
acknowledge the the support from the Grant “Cariplo/Regione Lombardia ID
2014-1980/ RST – BANDO congiunto Fondazione Cariplo-Regione Lombardia
– ERC” to the project “Science and Technology at the frontiers of Gamma-Ray
Astronomy with imaging atmospheric Cherenkov telescopes”. This paper has
gone through internal review by the CTA Consortium.

References

Acciari, V. A., Beilicke, M., Blaylock, G., et al. 2008, ApJ, 679, 1427
Acharya, B. S., Actis, M., Aghajani, T., et al. 2013, Astropart. Phys., 43, 3
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SST Optical System

Achieved good enough optical resolution matching the SST pixel size 

First realization of the Schwarzschild–Couder con$guration ever
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Fig. 2. |Alpha|-distributions of the Crab Nebula (ON, black) and the
background (OFF, grey) data from ASTRI-Horn observations taken
between 5 and 11 December 2018 above an energy threshold of ⇠3 TeV.
The region between zero and the vertical dashed line (at 10�) represents
the fiducial signal region.

The |Alpha|-plot achieved from the ON and OFF selected
data, following the application of the optimized analysis cuts
listed above, is shown in Fig. 2. The distribution of the OFF
data was scaled by a factor ↵ON/OFF found by normalizing the
|Alpha|-distributions of both samples between 20� and 80�. We
found an excess of 127± 24 events, corresponding to a signif-
icance of 5.4 standard deviations (�), calculated according to
Eq. (17) of Li & Ma (1983). It should be noted that the energy
threshold of ⇠3 TeV quoted above is substantially in line with
the actual number of detected gamma-ray events. In fact, assum-
ing a typical radius of ⇠125 m for the Cherenkov light pool
at ⇠2000 m a.s.l. (de Naurois & Mazin 2015) (corresponding to
a gamma-ray e↵ective area of ⇠5⇥ 104 m2) and taking also
into account the fact that the large FoV of the ASTRI camera
(7.6�) allows for the detection of gamma-rays with even larger
impact parameters, we can estimate that an energy threshold of
&2.5 TeV would provide a number of excesses from the Crab
Nebula (Aharonian et al. 2006; Aleksić et al. 2016) comparable
with the actual detected ones, in the given exposure time (12.4 h).

5. Conclusions

In this work, we report on the first detection at the VHE
of the Crab Nebula by a Cherenkov telescope in dual-mirror
Schwarzschild-Couder configuration: the ASTRI-Horn tele-
scope. The telescope, installed on Mt. Etna in Italy, is part of
the ASTRI Project, led by the INAF in the context of prototyp-
ing the small-size class of telescopes of the Cherenkov Telescope
Array Observatory.

The ASTRI-Horn telescope is one of the first three dual-
mirror Cherenkov telescope prototypes adopting technological
innovations, such as the dual-mirror aplanatic Schwarzschild-
Couder optical configuration and a wide field compact SiPM
camera with a very fast response, high photon detection e�-
ciency, and excellent single photo-electron resolution. All the
adopted innovative solutions have been tested during an obser-
vational campaign on the Crab Nebula carried out in Decem-
ber 2018 as part of the verification phase of the telescope. The
acquired data have been reduced and analyzed using A-SciSoft,
the o�cial ASTRI scientific software package developed as part
of the ASTRI Project. During observations, the hardware sta-
tus of the system was not yet in its nominal condition, which

prevented the system from operating at the nominal performance
level. Nevertheless, data analysis has led to the detection of
the source at a statistical significance of 5.4� above an energy
threshold of ⇠3 TeV in 12.4 h of on-axis observations.

Although no spectral parameters of the source were derived
from the present analysis, this result nonetheless represents an
important step towards the validation of the dual-mirror opti-
cal design for ground-based gamma-ray astronomy applications.
The dual-mirror optical design for Cherenkov telescopes is a
particularly attractive solution because it makes a good angu-
lar resolution across the entire field of view possible. Indeed, the
dual-mirror solution enables a better correction of aberrations at
large field angles and, hence, the construction of telescopes with
a smaller focal ratio, allowing the use of compact cameras able
to cover with mm-sized pixels a large field of view.

The scientific validation phase of the ASTRI-Horn telescope
is foreseen to start in spring 2020, hosting new, extensive cam-
paigns on a few bright gamma-ray sources, including the Crab
Nebula. In view of this phase, some hardware improvements
(mainly on the optical system and camera) are already sched-
uled in order for it to reach the nominal configuration and, con-
sequently, the best performance. This will eventually allow us to
fully characterize the hardware innovations of the system and to
set the path towards their systematic implementation for the next
generation of Cherenkov telescopes.
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SST Crab Observations: Detection at 5.4 σ

“Italian” camera successfully detected gamma-ray signal from the Crab Nebula 

Combination of the Schwarzschild–Couder and a SiPM camera veri$ed

29
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Another (Our) SST Camera Test Observations

“Our” camera also succeeded in air-shower observations on the same prototype 
telescope (replaceable with the Italian camera) 

Additional test observations canceled due to mirror re-coating and COVID-19
30

https://www.cta-observatory.org/chec-achieves-$rst-light-on-astri/
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Schwarzschild-Couder Telescope, Optical System

Figure 1: Left: Ray-tracing simulation of the Schwarzschild-Couder telescope optical system, which in-
cludes the primary and secondary mirrors as well as their respective baffles and the focal plane. Right: CAD
model of the full size prototype Schwarzschild-Couder telescope (pSCT) under construction at the Fred
Lawrence Whipple Observatory in Arizona.

1. Introduction

During the last decade, the scientific achievements of the H.E.S.S., MAGIC and VERITAS ob-
servatories have proved the broad scientific value of Imaging Atmospheric Cherenkov Telescopes
(IACTs) for the very high energy (VHE) astronomy. The scientific community is now developing
the Cherenkov Telescope Array (CTA) [1], the next generation large IACT array made of several
tens of telescopes with different apertures. The Schwarzschild-Couder medium-sized telescope
(SC-MST) is a candidate telescope for CTA, which utilizes a novel two mirrors optical design with
an aperture of 9.6 m. This design offers a wide field of view of 8 degrees, improves the angular
resolution compared to current single mirror IACTs and reduces the plate scale of the camera en-
abling the use of novel SiPM photosensors. However, to achieve these performance improvements
it requires a more complex optical system with tighter alignment tolerances than current IACTs [4].
A full size prototype of the SCT-MST (pSCT) is currently under construction at the Fred Lawrence
Whipple Observatory in Arizona to test the feasibility of such design as IACT (Figure 1, right).

2. Overview of the optical system

The current IACTs, based on Davies-Cotton or parabolic optical systems, have proven to be
very efficient and reliable, however these prime focus optical systems also suffer from comatic
aberrations when a large field of view is desired. These aberrations can be reduced only by a long
focal length resulting in a large camera plate scale and expensive assembly of photodetectors. In
comparison, the aplanatic optical system of the Schwarzschild-Couder telescope is not affected by
spherical or comatic aberrations [2], and its secondary mirror de-magnifies the image allowing a
wide field of view and reduced plate scale (Figure 1, left).

2

Schwarzschild–Couder  MST Optical System

> 2 times wider than the SST optical system 

More number of segmented mirrors, thus more complex 

Optical alignment was successfully $nished
31

Rousselle+ (2015)
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Crab Observations by Prototype Schwarzschild–Couder

Crab Nebular detection at 8.3σ, while the prototype FOV is still limited 

Also see KMI topics 
http://www.kmi.nagoya-u.ac.jp/eng/blog/2020/06/03/prototype-cta-telescope-
detects-gamma-rays-from-the-crab-nebula/
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Ad: ROBAST

ROOT-based ray-tracing simulator for CR telescopes and photodetectors (optical photons only) 

Used in all CTA telescope and Winston cone simulations and some other future projects 
 (see. Okumura+ 2016) 

Some of KMI (exp.) members may be interested in it for photodetector or multilayer simulations
33

SST Final Design

https://robast.github.io

https://arxiv.org/abs/1512.04369


CTA Schedule
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https://www.cta-observatory.org/project/status/



Summary and Prospects

CTA Small-sized Telescopes are built to search Galactic 
PeVatrons (the PeV CR origin) 
CTA prototype telescopes successfully constructed and 
veri$cation process are ongoing 
Schwarzschild–Couder con$guration and SiPM ideas were 
also veri$ed in prototypes 

Some early physics results will come in early 2020s and full 
array completion will be in 2027 
P.S. Try using ROBAST
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