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SST-1M

SST-2M 
(ASTRI)

SST-2M 
(GCT)

SC-MST

Small-Sized Telescope 
(SST) 
  70 SSTs @ South 
  D = 4 m 
  FOV ~9° 
  E = 5 TeV – 300 TeV

Schwarzschild–Couder 
Telescope (SC-MST) 
  25 SCTs @ South 
  D = 9.6 m 
  FOV = 8° 
  E = 200 GeV – 10 TeV

MST

LST



29.12 INSTRUMENTS 

Afocal Gregorian-Mersenne Telescope 

SUR RDY THI GLA CON 

STO -50 -30 REFL -1 
2 10 40 REFL -1 

Comments The Gregorian Mersenne, also composed of confocal paraboloids, is aplanatic, 
anastigmatic, and can be corrected for distortion. The Gregorian-Mersenne has an intermediate 
image and an accessible exit pupil. 

W1.25 Couder 

SUR RDY THI GLA CON 

STO -142.86 -52.9 REFL -6.285 
2 23.08 7.1142 REFL -0.707 

Comments The Co~der,~* composed of two conic mirrors, is corrected for third-order spherical 
aberration, coma, and astigmatism. Unfortunately, the Couder is long for its focal length and the 
image is not readily accessible. 

W1.25 Aplanatic, Flat-Medial-Image Sckwarzsckild 

SUR RDY THI GLA CON 

STO -91.57 -38.17 REFL -2.156 
2 23.67 4.637 REFL 5.256 

Comments The aplanatic, flat-medial-image Schwar~schild~~ is similar in appearance to the Couder 
but the secondary mirror and image locations are different for identical secondary magnifications. 

H1.25 Aplanatic, Anastigmatic Sckwarzsckild 

SUR RDY THI GLA 

1 30.62 -49.44 REFL 
2 80.14 80.26 REFL 
STO INF 24.864 

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.

22 V. Vassiliev et al. / Astroparticle Physics 28 (2007) 10–27

The Schwarzschild–Couder (SC) Design

Wide FOV aplanatic design with primary and secondary mirrors, invented by 
Schwarzschild (1905) and Couder (1926) 

Proposed for ground-based gamma-ray telescopes in 2007 

Will achieve wider FOV (~8°) and higher resolution (< ~0.04°) with a compact camera
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“Handbook of Optics”

Couder (1926)

Schwarzschild 
(1905)

Vassiliev et al. (2007)
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Prototype SC-MST  
Schwarzschild-Couder Telescope (pSCT)  

•  New	opHcal	systems	are	needed	to	push	CTA	potenHal	to	its	limits	
•  The	Schwarzschild-Couder	opHcal	system	is	suited	to	achieve	this	goal		

γ-ray Shower
Energy: 1 TeV
Impact Distance: 100m

Proton Shower
Energy: 3.16 TeV
Impact Distance: 0m

Camera images 
(simulations) 

SC-MST	

DC-MST	
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γ-ray Shower
Energy: 1 TeV
Impact Distance: 100m

Proton Shower
Energy: 3.16 TeV
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Camera images 
(simulations) 

SC-MST	

DC-MST	

Improved Optical Resolution

Optical resolution will be improved (0.1° → < 0.05°) 

Compact and less expensive camera with small pixels (~2000 → > 10000 pixels)
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Pühlhofer (2017)

0.8 m

2 mMST

SC-MST

1-TeV gamma 3.16-TeV proton

Conventional 
Davies–Cotton 
Optical System

Simulation



pSCT for CTA: status of the optical system D. Nieto

server of MPES data and actuator control. To allow for failing components and their easy re-
placement, and extensions of the alignment system in the future, the software addresses hardware
components through generic interfaces, retrieving initialization information from a database. This
use of generic interfaces also lets us treat global alignment components in the same way as MPMs,
feeding coordinate data from CCDs and PSDs into the alignment procedure. The central computer
exposes all the necessary alignment data and methods through a top-level OPC-UA server, enabling
straightforward integration into CTA’s Array Control.

To be more precise, the alignment software solves a minimization problem, attempting to keep
P2PAS and GAS readings at their nominal values. Introducing a panel’s misalignment parameter
c2

m = c2
m,P2PAS +wGASc2

m,GAS, where c2
m,P2PAS is its misalignment coming from P2PAS readings,

c2
m,GAS comes from global misalignment, and wGAS is a weight that forces treating global misalign-

ment more stringently than panel-to-panel misalignment, this can be written in simplified notation
as minimizing

Â
m

c2 = Â
m

"

Â
P2AS

⇣
d~sm(P2PAS)+ R̂md~Lm

⌘2
+wGAS Â

GAS

⇣
d~sm(GAS)+ M̂md~Lm

⌘2
#
.

Here, for a given panel m, d~sm are its positional readings coming from edge sensors (MPES) or
the global alignment system (GAS); d~Lm are the actuator displacements that bring it to its nominal
position – these are to be solved for; R̂m and M̂m are the actuator response matrices that connect
positional readings with physical motions of actuators. This form highlights the robustness of the
alignment system – even with some hardware failing, c2 can still be minimized to a satisfactorily
small value. The weight parameter has not been set yet, and will be tuned empirically. The ideal
response matrices M̂m are identical for all panels, and the real response matrices are only small
deviations from this ideal matrix.The response matrices R̂m, however, are different for each pair of
mirror panels and need to be measured in lab.

Figure 5: Photograph of the prototype SCT
as of early June 2017, showing both the
primary and secondary baffles already in-
stalled.

The alignment software code of the central
computer is multithreaded, collecting sensor data
d~sm and requesting actuator movements by neces-
sary displacements d~Lm simultaneously for each
individual MPM. This results in the whole mirror
aligning as fast as an individual panel.

5. Sunlight and stray light control
CTA telescopes won’t be domed for cost con-

siderations. Dual-mirror telescopes should there-
fore be equipped with a sunlight control system.
Such a system has been implemented as a set
of baffles, one per mirror, to block most of the
sunlight entering the telescope and also being re-
flected from it. These baffles, along with three
different parking positions that alternate through-
out the year provide a safe solution to the sunlight
concentration problem, as extensively proven by

7

CTA Prototypes of Schwarzschild–Couder

SC-MST and 2M-SST (GCT) are being developed by ISEE (Nagoya), US, and Europe 

Camera development, optics simulation, and software development by ISEE 

2M-SST (ASTRI) is also being developed by Italy
7

SC-MST in Arizona (under construction) SST-2M (GCT) in Paris

4 m

2 m

9.6 m9.6 m9.6 m9.6 m

5.4 m5.4 m5.4 m5.4 m5.4 m



Camera Prototype for 2M-SST (GCT)

2048 pixels with multi-anode PMTs (to be updated to silicon photomultipliers) 

Capable of 1-ns frame “video” recording (i.e., 1 GHz) for Cherenkov flashes (~10 ns) 

Installed on the prototype telescope in Nov 2015
8

~40 cm



Achieved the fist light 
at Paris Observatory in 
2015 

The first Cherenkov 
images (proton events) 
ever in CTA

9

Cherenkov Showers
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Figure 2.1: The spectrum of cosmic rays observed at the top of the Earth’s atmosphere (Cronin et al.,
1997). All cosmic-ray species are plotted together.
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PeV Cosmic Rays

Galactic cosmic rays up 
to ~PeV energies 

Galactic Center and 
SNRs are leading 
candidates of 
PeVatrons

10

Cronin et al. (1997)

Galactic Cosmic Rays

PeV



CTA Science and the Key Science Projects (KSPs)

Dark matter 

KSP: Galactic Center (525 + 300 hours) 
KSP: Galactic Plane Survey (1020 + 600 hours) 
KSP: LMC Survey (340 + 150 hours) 

KSP: Extragalactic Survey 

KSP: Transients 

KSP: Cosmic Ray PeVatrons (250 + 50 hours) 
KSP: Star Forming Systems 

KSP: Active Galactic Nuclei 

KSP: Clusters of Galaxies 

Non-Gamma-ray Science
11

“Science with CTA”  will be published soon

South + North

Candidates from GPS + RX J1713

Sgr A* + Halo

Typical obs. time ~50 hours per object



Point Source Sensitivity
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5 bins per decade, point source, high Gal. lat.

×5 @ ~100 GeV

×10 @ 1–10 TeV

Energy Frontier 
30–300 TeV



Point Source Sensitivity
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Note: Much less sensitive for extended sources
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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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Figure 2 | Spatial distribution of the cosmic-ray density versus 
projected distance from Sgr A*.  The vertical and horizontal error bars 
show the 1σ statistical plus systematic errors and the bin size, respectively. 
Fits to the data of a 1/r (red line, χ2/d.o.f. =  11.8/9), a 1/r2 (blue line, χ2/
d.o.f. =  73.2/9) and a homogeneous (black line, χ2/d.o.f. =  61.2/9) cosmic-
ray density radial profile integrated along the line of sight are shown. The 
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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Figure 3 | VHE γ-ray spectra of the diffuse emission and HESS  
J1745−290.  The y axis shows fluxes multiplied by a factor E2, where E is the 
energy on the x axis, in units of TeV cm−2 s−1. The vertical and horizontal 
error bars show the 1σ statistical error and the bin size, respectively. Arrows 
represent 2σ flux upper limits. The 1σ confidence bands of the best-fit 
spectra of the diffuse and HESS J1745−290 are shown in red and blue 
shaded areas, respectively. Spectral parameters are given in Methods. The 
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.

© 2016 Macmillan Publishers Limited. All rights reserved
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Figure 3 | VHE γ-ray spectra of the diffuse emission and HESS  
J1745−290.  The y axis shows fluxes multiplied by a factor E2, where E is the 
energy on the x axis, in units of TeV cm−2 s−1. The vertical and horizontal 
error bars show the 1σ statistical error and the bin size, respectively. Arrows 
represent 2σ flux upper limits. The 1σ confidence bands of the best-fit 
spectra of the diffuse and HESS J1745−290 are shown in red and blue 
shaded areas, respectively. Spectral parameters are given in Methods. The 
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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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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1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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criteria applied are to require at least ten detected gamma-rays per energy bin and a signal/background ratio
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 1: H.E.S.S. gamma-ray excess counts images of RX J1713.7�3946, corrected for the reconstruction acceptance. On the left,
the image is made from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement
of E > 2 TeV is applied to improve the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width
0.03�, which is smaller than the 68% containment radius of the PSF of the two images (0.048� and 0.036�, respectively). The PSFs
are indicated by the white circles in the bottom left corner of the images. The linear colour scale is in units of excess counts per
area, integrated in a circle of radius 0.03�, adapted to the width of the Gaussian function used for the image smoothing.

paigns are given in Table 1. Only observations passing data qual-
ity selection criteria are used, guaranteeing optimal atmospheric
conditions and correct camera and telescope tracking behaviour.
This procedure yields a total dead-time corrected exposure time
of 164 hours for the source morphology studies. For the spec-
tral studies of the SNR, a smaller dataset of 116 hours is used as
explained below.

The data analysis is performed with an air-shower tem-
plate technique (de Naurois & Rolland 2009) called the primary
analysis chain below. This reconstruction method is based on
simulated gamma-ray image templates that are fit to the mea-
sured images to derive the gamma-ray properties. Goodness-of-
fit selection criteria are applied to reject background events that
are likely not from gamma rays. All results shown here were
cross-checked using an independent calibration and data analy-
sis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7�3946 is shown in
Fig. 1, on the left the complete dataset above an energy thresh-
old of 250 GeV (about 31,000 gamma-ray excess events from
the SNR region), on the right only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geometry at
the expense of gamma-ray e�ciency. This increased energy re-
quirement (E > 2 TeV) leads to a superior angular resolution
of 0.036� (68% containment radius of the point-spread func-
tion, PSF) compared to 0.048� for the complete dataset with
E > 250 GeV. These PSF radii are obtained from simulations
of the H.E.S.S. PSF for this dataset, where the PSF is broad-
ened by 20% to account for systematic di↵erences found in
comparisons of simulations with data for extragalactic point-

like sources like PKS 2155–304 (Abramowski et al. 2010). This
broadening is done by smoothing the PSF with a Gaussian such
that the 68% containment radius increases by 20%. To inves-
tigate the morphology of the SNR, a gamma-ray excess im-
age is produced employing the ring background model (Berge
et al. 2007), excluding all known gamma-ray emitting source
regions found in the latest H.E.S.S. Galactic Plane Survey cata-
logue (H.E.S.S. Collaboration et al. 2016b) from the background
ring.

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7�3946, investigated by H.E.S.S.
before (Aharonian et al. 2006b), is again clearly visible in
Fig. 2 (top left) from the hard X-ray contours (XMM-Newton
data, 1–10 keV, described further below) overlaid on the
H.E.S.S. gamma-ray excess image. For a quantitative compar-
ison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a 3D spherical shell model, matched to the
morphology of RX J1713.7�3946, is fit the H.E.S.S. image. The
resulting centre point is R.A.: 17h13m25.2s, Dec.:�39d46m15.6s.
As seen from the figure, regions 1 and 2 cover the fainter parts
of RX J1713.7�3946, while regions 3 and 4 contain the bright-
est parts of the SNR shell, closer to the Galactic plane, includ-
ing the prominent X-ray hotspots as well as the densest molec-
ular clouds (Maxted et al. 2013; Fukui et al. 2012). Region 5
covers the direction along the Galactic plane to the North of
RX J1713.7�3946.

3.1. Production of radial profiles

The H.E.S.S. radial profiles shown in Fig. 2 are extracted from
the gamma-ray excess image. To produce the X-ray radial pro-
files, the following procedure is applied. One mosaic image

3

CTA PSF 
@1 TeV         @10-100 TeV

H.E.S.S. analysis optimized for 
angular resolution

Note: Further improvement is expected 
by using telescope multiplicity cut, etc.

0.2°



H.E.S.S. Galactic Plane Survey (as of 2012)
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CTA View of the Galactic Plane (Simulation)
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CTA simulations of RX J1713.7–3946 T. Nakamori
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Figure 1: Simulated gamma-ray images of (a) A2/A1 = 0.01 (leptonic dominant case) and (b) A2/A1 = 100
(hadronic dominant case) with Γp = 2.0 and Ep

c = 300 TeV. The green contours show (a) XMM-Newton
X-ray intensity [16] and (b) total interstellar proton column density [11], which smoothed to match the PSF
of CTA. The unit of color axis is counts pixel−1 for both panels.

The simulation software package that we use in this study is ctools version 00-07-01[15]. We
use a preliminary instrumental response function which corresponds to the CTA southern array lo-
cated at the candidate site Aar (southern Namibia). When we perform the simulations, the Galactic
diffuse emission and isotropic background due to gamma-like charged cosmic rays are taken into
account for background photons in the field of view.

3. Results

3.1 γ-ray image

In order to clarify the imaging capability of CTA, we first intend to simulate different gamma
ray images in the energy range of 1–100 TeV by tuning A2/A1, the ratio between the hadronic
and leptonic gamma rays. Figures 1a and 1b show the simulated gamma-ray images in leptonic
dominant case (A2/A1 = 0.01) and hadronic dominant case (A2/A1 = 100), respectively. Each
gamma-ray image is similar to each overlaid contour, which corresponds to the non-thermal X
rays and the total ISM protons including both molecular and atomic hydrogen, respectively. On
the other hand, the spatial distributions of gamma rays are apparently different from each other,
particularly the north and the southwest. In this extreme case, we can therefore determine the
major component of the VHE emission by the morphological study with CTA. Incidentally, we
found that A2/A1 = 1–10 showed the best spatial correspondence with the H.E.S.S. excess counts
map [8] with a correlation coefficient of ∼0.7–0.8. We continue to study the systematic error
estimation and quantitative evaluation for the morphological difference.

4

CTA View of RX J1713.7–3946 (Simulation)
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CTA simulations of RX J1713.7–3946 T. Nakamori
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Figure 2: Spectral energy distribution of the gamma ray emission obtained by analyzing the CTA simulation
data for RX J1713.7−3946 with A2/A1 = 0.1. The blue and red squares are the spectral points for the
leptonic and hadronic spatial templates, respectively. Only statistical errors are presented. The black squares
are the total fluxes of the leptonic and hadronic components. The black vertical bars are the errors for the
total fluxes obtained by adding the errors for two components in quadrature. The blue, red, and black solid
lines show the input spectra for the leptonic component, the hadronic component, and the total, respectively.

3.2 Spectrum

Assuming that the leptonic component is dominant, we subsequently proceed to search for
a “hidden” hard component with a hadronic origin. Using reconstructed energy band of 0.5 –
100 TeV with 50-hour observation, likelihood analyses show the significance > 10σ to observe
a dimmer hard component even for a small A2/A1 = 0.02. Note that the result may be rather
optimistic since the fitting templates are the same as the input for the simulation.

We then proceed to perform maximum likelihood fittings for the simulation data (with a ratio
A2/A1= 0.1, for the safety) in 12 logarithmically spaced energy bands. Figure 2 shows the resulting
spectrum from our ‘bin-by-bin’ analysis of the same 50 hr of simulation data. It is clear that our
likelihood fits reproduce the simulated spectrum for each spatial template (i.e. hadronic or leptonic
morphology), which demonstrates the capability of detecting the hidden hadronic component in
the best case scenario.

3.3 Time variation of cutoff energy

Detecting the time variation of the cutoff energy of the gamma ray spectrum can provide a
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Fig. 3: The H.E.S.S. energy flux spectrum (black data points with statistical 1� error bars) of the full SNR RX J1713.7�3946 using
an extraction radius of 0.6� centred on R.A.: 17h13m33.6s, Dec.: �39d45m36s is shown in the upper panel. The binning is chosen
to match the energy resolution, requiring a minimum significance of 2� per bin. The grey solid line shows the best-fit exponential
cut-o↵ power-law model, (2) from Table 3. The dashed red line shows the corresponding best-fit model from the previous H.E.S.S.
publication (Aharonian et al. 2007). The experimental flux systematic uncertainty of ±32%, described further in the main text, is
indicated as light red band.

Table 3: Results of the spectral fitting procedure on the full remnant analysis for a number of spectral models. The fits are performed
using a finely binned SNR energy spectrum, whereas the spectrum shown in Fig. 3 has coarser binning for presentation purposes.

Spectral Model � Ecut F(> 1 TeV) F0, at 1 TeV �2 / ndf
(TeV) (10�11 cm�2 s�1) (10�11 cm�2 s�1 TeV�1)

(1) : F0E�� 2.32 ± 0.02 - 1.52 ± 0.02 2.02 ± 0.08 304 / 118

(2) : F0E�� exp
⇣
�(E/Ecut)1

⌘
2.06 ± 0.02 12.9 ± 1.1 1.64 ± 0.02 2.3 ± 0.1 120 / 117

(3) : F0E�� exp
⇣
�(E/Ecut)2

⌘
2.17 ± 0.02 16.5 ± 1.1 1.63 ± 0.02 2.08 ± 0.09 114 / 117

(4) : F0E�� exp
⇣
�(E/Ecut)1/2

⌘
1.82 ± 0.04 2.7 ± 0.4 1.63 ± 0.02 4.0 ± 0.2 142 / 117

For this purpose, we have employed the reflected-region
technique on smaller subregions of the SNR. The circular ON
region of 0.6� radius, centred on R.A.: 17h13m33.6s, Dec.:
�39d45m36s as in Aharonian et al. (2006b, 2007), is split into 18
subregions each of similar size. The exposures of these regions
vary between 97 and 130 hours. For each of the subregions, the
ON and OFF energy spectra are extracted using the reflected-
region-background model, and then they are combined yielding
the spectrum of the full SNR with improved exposure and statis-
tics.

During the combination procedure, we need to account for
partially overlapping OFF background regions. This is done

by correcting the statistical uncertainties for OFF events that
are used multiple times in the background model (60% of the
events). Moreover, the exposure is not homogeneous across the
subregions, which may lead to biasing e↵ects towards more ex-
posed regions in the combined spectrum. To deal with this issue,
the spectrum of the whole SNR is determined as the exposure-
weighted sum of all subregion spectra, rescaled to the average
exposure of the SNR before merging, conserving the original
statistical uncertainties through error propagation. The resulting
spectrum of the full SNR is shown in Fig. 3, and the energy flux
points are listed in appendix F. This spectrum corresponds to a
livetime of 116 hours, an improvement of more than a factor of
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Summary

CTA telescopes with Schwarzschild–Couder designs are 
being prototyped for MSTs and SSTs 

Succeeded in imaging Cherenkov showers for the first time 
ever in CTA 

Wider FOV, higher angular resolution, and ~100 telescopes 
will extend the view of very-high-energy sky 
‣ Galactic plane survey and PeVatron search 

‣ Detailed study of SNRs 

‣ Galactic Center
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