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The coming of age of VHE astronomy

 2

• original motivation: find the sources of CRs, 
probably SNRs

• today astonishing variety of sources, of 
which many in the Milky Way: SNRs, SNR/
molecular clouds, PWNe, pulsars, binary 
systems, massive-star forming regions, 
diffuse emission, Galactic centre

Slide adapted from Rene Ong
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Galactic Science: questions

 3

Origin and role of relativistic particles Probing extreme environments

Sites and mechanisms of CR acceleration

CR propagation and feedback on 
star-forming systems/Milky Way

Physical processes close to neutron 
stars and black holes 

Relativistic jets, winds, and explosions
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Galactic Key Science Projects

 4

cherenkov 
telescope 
array

Science
with the

Cherenkov 
Telescope 
Array

ar
X

iv
:1

70
9.

07
99

7v
1 

 [a
st

ro
-p

h.
IM

]  
23

 S
ep

 2
01

7

5. KSP: Galactic Centre

5 KSP: Galactic Centre

Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observa-
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown in cyan
(with each circle representing a 6� field of view for a typical CTA configuration). Several object positions are
overlaid with blue dots for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the galaxy.

The Galactic Centre Key Science Project is comprised of a deep exposure of the inner few degrees of
our Galaxy, complemented by an extended survey to explore the regions not yet covered by existing
very high energy (VHE) instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy and possible options given
in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide variety of possible high-energy
emitters, including the closest supermassive black hole, dense molecular clouds, strong star-forming
activity, multiple supernova remnants and pulsar wind nebulae, arc-like radio structures, as well as the
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Science with CTA
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Galactic centre survey

6. KSP: Galactic Plane Survey 6.4 Expected Performance/Return

Figure 6.6 – Point-source sensitivities (in mCrab) achieved in the full ten-year programme of the CTA Galactic
Plane Survey for various regions along the Galactic plane. The survey carried out by the southern (northern)
array is indicated by the red (blue) segments.

VHE source population, using an extrapolation of the source count (i.e. log N – log S), distributions of
source spectral indices and sizes consistent with existing data, and an assumed spatial distribution of
sources around the Galactic Centre. No diffuse emission was included (except for the Galactic Centre
ridge) and two different extrapolations of the log N – log S distribution were used to bracket the range
of the expected source density. A position in the sky was considered confused if there was more than
one simulated source within a radius of 1.3 times the CTA angular resolution. Using these assumptions
leads to an approximate lower limit to the amount of source confusion. The estimated confusion lower
limits range from 13 – 24% at 100 GeV to 9 – 18% at 1 TeV, for the region |l| < 30� and |b| < 2�. Work
on simulations will continue to better quantify this aspect of the CTA GPS.

6.4.3 Summary

The CTA GPS will produce guaranteed high-impact science returns and legacy products, as well as
greatly expanded discovery potential in VHE astrophysics, due to its uniform, mCrab-deep coverage of
the entire Galactic plane. PWNe and SNRs comprise the bulk of currently known VHE Galactic sources,
and they will likely dominate the Galactic source populations for CTA as well. The log N – log S curves
and representative models for source spectra and morphology can be used to estimate ranges in the
expected number of source counts, as discussed in Sect. 6.1.2. Hundreds of sources will be detected
and, for each of these sources, the GPS will provide spectra that can be used, in conjunction with MWL
data and comparisons to theoretical models, to identify the particle acceleration scenarios most likely
relevant for the VHE gamma-ray emission. Pulsars and binary systems will also feature prominently
in the GPS data set, with their phaseograms and light curves, respectively, bringing additional physics
to bear. With data taken over ten years, the GPS will also be an important source of serendipitous
discovery. Even non-detections will be of great importance to the astronomical and multi-messenger
communities, with many constraining VHE upper limits expected.

All of this rich data will be provided to the broader community on a regular basis and will be an indispens-
able resource for follow-up proposals to the CTA GO program. The GPS will provide a source catalogue
(listing e.g. flux and spectral index) and high-level sky maps, all accessible to the worldwide community.
These data products will allow us to (a) perform VHE source population studies, (b) investigate VHE
diffuse emission, and (c) carry out in-depth studies of individual sources through follow-up observations
made by CTA and other observatories.

Cherenkov Telescope Array
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Galactic Plane Survey (GPS)

9. KSP: Transients 9.4 Expected Performance/Return

Figure 9.3 – Simulated energy spectra of a Crab nebula flare observed with CTA. The model presented in
[347], assuming a Lorentz factor � of 70, has been used to simulate the inverse-Compton component of the
2011 April flare observed with Fermi-LAT. A total of ten pointings of 4 h each separated by one day have been
used. The variable tail from 10 to 100 TeV is clearly detectable.

Figure 9.4 – Left: Simulated integral sensitivity above 30 GeV of a flare from Cygnus X-3 observed with the
CTA northern array. The Fermi-LAT high flux reported in [348] has been extrapolated assuming a photon index
of �2.7 and is represented by the horizontal red line. A five standard deviation detection could be obtained in
⇠10 hours of observations, while the determination of the spectrum could take up to 30 hours of observations,
denoted by the black vertical line. Right: Same as left panel but for Cygnus X-1. The possible VHE spectrum
of Ref. [321] has been used as a template (pink horizontal line), resulting in a five standard deviation detection
in 4 minutes and a good spectrum in ⇠15 minutes for CTA (see also [274]).

C) X-ray, optical, and radio transients: No simulations have been conducted for follow-up of X-ray,
optical or radio sources from transient factories, since in general, we will be exploring predominantly
new phase space. However, as in the other transient cases, there is the potential to provide high-impact
results with a moderate amount of observation time.

D) High-energy neutrino transients: Detection of VHE gamma rays associated with high-energy neu-
trinos would be instrumental for revealing and understanding the sources of the neutrinos. If the par-
ent hadrons can also escape from the sources with reasonable efficiency and contribute to the ob-
served cosmic rays, the neutrino plus gamma-ray signature could constitute the long-sought smok-
ing gun of the sources of UHECRs. One model-independent way to estimate values for the VHE flux

Cherenkov Telescope Array
Science with CTA
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Transients

10. KSP: Cosmic Ray PeVatrons 10.4 Expected Performance/Return

to achieve improved statistics above 50 TeV. The results of these follow-up observations will be released
simultaneously with the GPS ones, if possible.

10.4 Expected Performance/Return

To evaluate the capability of CTA to detect PeVatrons, we simulated the capability of CTA to detect 50-
TeV photons in ⇠15 h (an approximation for the effective observing time achieved in the inner Galaxy
in the first several years of the GPS). For the differential energy spectrum of the PeVatron, we used a
simple power-law with no cutoff, � = �0(E/TeV)��, with �0 = 2.1 · 10�11 TeV�1 cm�2 s�1 (similar to the
flux level of RX J1713.7�3946, a prototypical, bright VHE source) and took the spectral index � = 2 as
proxy and calculated the minimum percentage of the flux � detectable above 50 TeV at a significance of
three standard deviations in a 15 h observation time. This significance level was chosen as a reason-
able indication for a real excess which can be investigated with further observations. Simulations were
performed assuming that the PeVatrons under examination are point sources and taking the background
rate from the Monte Carlo simulations performed by the CTA Consortium to evaluate the instrument re-
sponse. The results show that after 15 h of observation CTA will be able to detect enough photons to
reconstruct a point at 50 TeV having a flux level of ⇠7% of the flux �0, that is, of the order of ⇠10�12

TeV�1 cm�2 s�1, if there is no cutoff in the spectrum. If a cutoff is included in the spectrum, we estimate
that a minimum of 50 h observation time is required to obtain enough statistics to determine an energy
cutoff of ⇠60 TeV for a source with a flux 10% of �0.
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Figure 10.1 – Simulated reconstructed spectra for CTA for a PeVatron source with a flux equal to the Crab
nebula, using two photon indices (solid: 2.0, dashed: 2.2). Three different exponential energy cutoff values are
used, as indicated by the colors.

To test the capability of CTA to estimate spectral features, we show in Figure 10.1 the results of simu-
lations of a powerful Crab-like source characterized by two hard photon indices (2.0 in solid lines and
2.2 in dashed lines). The different spectral features are clearly reconstructed even for the most extreme
case, assuming an energy cutoff of 200 TeV (best-fit values are 203±23 TeV and 188±25 TeV for photon
indices of 2.0 and 2.2, respectively). To compare with the case described above, the same simulations
for a 7% of �0 spectrum in 50 h show that spectral points could be reconstructed up to 200 TeV, repro-
ducing an energy cutoff as high as 135 ± 45 and 110 ± 35 TeV for the same 2.0 and 2.2 photon indices.
More details on the impact of the different CTA configurations can be found in two dedicated papers
[11, 20].
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PeVatrons

11. KSP: Star Forming Systems 11.1 Science Targeted

Figure 11.1 – Top: Representative multi-wavelength (MWL) images of four objects addressed in this KSP
and the expected CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution; for
M 31 they indicate the maximum extension CTA will be able to detect and for NGC 253 the minimum extension
CTA will be able to resolve. For NGC 253, the dashed white circle is the H.E.S.S. extension limit. Image
credits: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish 1.5
m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of Arizona)
& GALEX Science Team; NGC 253 - 2MASS, WISE, [391]. Bottom: The expected calorimetric gamma-ray
luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs in red.
The sizes of the boxes represent uncertainties in the SFR and the estimated calorimetric gamma-ray flux.
Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black points indicate
measurements in the TeV domain, or, where objects are only detected in GeV gamma rays, extrapolations
to VHE gamma rays, based on the Fermi-LAT spectra. In case SN rate estimates do not exist, the 70µm
flux is used to infer the SFR [204] and subsequently translated into a SN rate based on the scaling relation
⌫SN = (0.010± 0.002) · SFR(M�/yr).

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
spectrum with index � = 2.2 and a 50% error on the integral flux.

Cherenkov Telescope Array
Science with CTA
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Star-Forming Systemsin press, World Scientific, 
arXiv:1709.07997



/23

Galactic Key Science Projects

 5

cherenkov 
telescope 
array

Science
with the

Cherenkov 
Telescope 
Array

ar
X

iv
:1

70
9.

07
99

7v
1 

 [a
st

ro
-p

h.
IM

]  
23

 S
ep

 2
01

7

5. KSP: Galactic Centre

5 KSP: Galactic Centre

Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observa-
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown in cyan
(with each circle representing a 6� field of view for a typical CTA configuration). Several object positions are
overlaid with blue dots for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the galaxy.

The Galactic Centre Key Science Project is comprised of a deep exposure of the inner few degrees of
our Galaxy, complemented by an extended survey to explore the regions not yet covered by existing
very high energy (VHE) instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy and possible options given
in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide variety of possible high-energy
emitters, including the closest supermassive black hole, dense molecular clouds, strong star-forming
activity, multiple supernova remnants and pulsar wind nebulae, arc-like radio structures, as well as the
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Galactic centre survey

6. KSP: Galactic Plane Survey 6.4 Expected Performance/Return

Figure 6.6 – Point-source sensitivities (in mCrab) achieved in the full ten-year programme of the CTA Galactic
Plane Survey for various regions along the Galactic plane. The survey carried out by the southern (northern)
array is indicated by the red (blue) segments.

VHE source population, using an extrapolation of the source count (i.e. log N – log S), distributions of
source spectral indices and sizes consistent with existing data, and an assumed spatial distribution of
sources around the Galactic Centre. No diffuse emission was included (except for the Galactic Centre
ridge) and two different extrapolations of the log N – log S distribution were used to bracket the range
of the expected source density. A position in the sky was considered confused if there was more than
one simulated source within a radius of 1.3 times the CTA angular resolution. Using these assumptions
leads to an approximate lower limit to the amount of source confusion. The estimated confusion lower
limits range from 13 – 24% at 100 GeV to 9 – 18% at 1 TeV, for the region |l| < 30� and |b| < 2�. Work
on simulations will continue to better quantify this aspect of the CTA GPS.

6.4.3 Summary

The CTA GPS will produce guaranteed high-impact science returns and legacy products, as well as
greatly expanded discovery potential in VHE astrophysics, due to its uniform, mCrab-deep coverage of
the entire Galactic plane. PWNe and SNRs comprise the bulk of currently known VHE Galactic sources,
and they will likely dominate the Galactic source populations for CTA as well. The log N – log S curves
and representative models for source spectra and morphology can be used to estimate ranges in the
expected number of source counts, as discussed in Sect. 6.1.2. Hundreds of sources will be detected
and, for each of these sources, the GPS will provide spectra that can be used, in conjunction with MWL
data and comparisons to theoretical models, to identify the particle acceleration scenarios most likely
relevant for the VHE gamma-ray emission. Pulsars and binary systems will also feature prominently
in the GPS data set, with their phaseograms and light curves, respectively, bringing additional physics
to bear. With data taken over ten years, the GPS will also be an important source of serendipitous
discovery. Even non-detections will be of great importance to the astronomical and multi-messenger
communities, with many constraining VHE upper limits expected.

All of this rich data will be provided to the broader community on a regular basis and will be an indispens-
able resource for follow-up proposals to the CTA GO program. The GPS will provide a source catalogue
(listing e.g. flux and spectral index) and high-level sky maps, all accessible to the worldwide community.
These data products will allow us to (a) perform VHE source population studies, (b) investigate VHE
diffuse emission, and (c) carry out in-depth studies of individual sources through follow-up observations
made by CTA and other observatories.

Cherenkov Telescope Array
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Galactic Plane Survey (GPS)

9. KSP: Transients 9.4 Expected Performance/Return

Figure 9.3 – Simulated energy spectra of a Crab nebula flare observed with CTA. The model presented in
[347], assuming a Lorentz factor � of 70, has been used to simulate the inverse-Compton component of the
2011 April flare observed with Fermi-LAT. A total of ten pointings of 4 h each separated by one day have been
used. The variable tail from 10 to 100 TeV is clearly detectable.

Figure 9.4 – Left: Simulated integral sensitivity above 30 GeV of a flare from Cygnus X-3 observed with the
CTA northern array. The Fermi-LAT high flux reported in [348] has been extrapolated assuming a photon index
of �2.7 and is represented by the horizontal red line. A five standard deviation detection could be obtained in
⇠10 hours of observations, while the determination of the spectrum could take up to 30 hours of observations,
denoted by the black vertical line. Right: Same as left panel but for Cygnus X-1. The possible VHE spectrum
of Ref. [321] has been used as a template (pink horizontal line), resulting in a five standard deviation detection
in 4 minutes and a good spectrum in ⇠15 minutes for CTA (see also [274]).

C) X-ray, optical, and radio transients: No simulations have been conducted for follow-up of X-ray,
optical or radio sources from transient factories, since in general, we will be exploring predominantly
new phase space. However, as in the other transient cases, there is the potential to provide high-impact
results with a moderate amount of observation time.

D) High-energy neutrino transients: Detection of VHE gamma rays associated with high-energy neu-
trinos would be instrumental for revealing and understanding the sources of the neutrinos. If the par-
ent hadrons can also escape from the sources with reasonable efficiency and contribute to the ob-
served cosmic rays, the neutrino plus gamma-ray signature could constitute the long-sought smok-
ing gun of the sources of UHECRs. One model-independent way to estimate values for the VHE flux

Cherenkov Telescope Array
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Transients

10. KSP: Cosmic Ray PeVatrons 10.4 Expected Performance/Return

to achieve improved statistics above 50 TeV. The results of these follow-up observations will be released
simultaneously with the GPS ones, if possible.

10.4 Expected Performance/Return

To evaluate the capability of CTA to detect PeVatrons, we simulated the capability of CTA to detect 50-
TeV photons in ⇠15 h (an approximation for the effective observing time achieved in the inner Galaxy
in the first several years of the GPS). For the differential energy spectrum of the PeVatron, we used a
simple power-law with no cutoff, � = �0(E/TeV)��, with �0 = 2.1 · 10�11 TeV�1 cm�2 s�1 (similar to the
flux level of RX J1713.7�3946, a prototypical, bright VHE source) and took the spectral index � = 2 as
proxy and calculated the minimum percentage of the flux � detectable above 50 TeV at a significance of
three standard deviations in a 15 h observation time. This significance level was chosen as a reason-
able indication for a real excess which can be investigated with further observations. Simulations were
performed assuming that the PeVatrons under examination are point sources and taking the background
rate from the Monte Carlo simulations performed by the CTA Consortium to evaluate the instrument re-
sponse. The results show that after 15 h of observation CTA will be able to detect enough photons to
reconstruct a point at 50 TeV having a flux level of ⇠7% of the flux �0, that is, of the order of ⇠10�12

TeV�1 cm�2 s�1, if there is no cutoff in the spectrum. If a cutoff is included in the spectrum, we estimate
that a minimum of 50 h observation time is required to obtain enough statistics to determine an energy
cutoff of ⇠60 TeV for a source with a flux 10% of �0.
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Figure 10.1 – Simulated reconstructed spectra for CTA for a PeVatron source with a flux equal to the Crab
nebula, using two photon indices (solid: 2.0, dashed: 2.2). Three different exponential energy cutoff values are
used, as indicated by the colors.

To test the capability of CTA to estimate spectral features, we show in Figure 10.1 the results of simu-
lations of a powerful Crab-like source characterized by two hard photon indices (2.0 in solid lines and
2.2 in dashed lines). The different spectral features are clearly reconstructed even for the most extreme
case, assuming an energy cutoff of 200 TeV (best-fit values are 203±23 TeV and 188±25 TeV for photon
indices of 2.0 and 2.2, respectively). To compare with the case described above, the same simulations
for a 7% of �0 spectrum in 50 h show that spectral points could be reconstructed up to 200 TeV, repro-
ducing an energy cutoff as high as 135 ± 45 and 110 ± 35 TeV for the same 2.0 and 2.2 photon indices.
More details on the impact of the different CTA configurations can be found in two dedicated papers
[11, 20].
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11. KSP: Star Forming Systems 11.1 Science Targeted

Figure 11.1 – Top: Representative multi-wavelength (MWL) images of four objects addressed in this KSP
and the expected CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution; for
M 31 they indicate the maximum extension CTA will be able to detect and for NGC 253 the minimum extension
CTA will be able to resolve. For NGC 253, the dashed white circle is the H.E.S.S. extension limit. Image
credits: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish 1.5
m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of Arizona)
& GALEX Science Team; NGC 253 - 2MASS, WISE, [391]. Bottom: The expected calorimetric gamma-ray
luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs in red.
The sizes of the boxes represent uncertainties in the SFR and the estimated calorimetric gamma-ray flux.
Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black points indicate
measurements in the TeV domain, or, where objects are only detected in GeV gamma rays, extrapolations
to VHE gamma rays, based on the Fermi-LAT spectra. In case SN rate estimates do not exist, the 70µm
flux is used to infer the SFR [204] and subsequently translated into a SN rate based on the scaling relation
⌫SN = (0.010± 0.002) · SFR(M�/yr).

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
spectrum with index � = 2.2 and a 50% error on the integral flux.

Cherenkov Telescope Array
Science with CTA
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Star-Forming Systems see talk by Rui Zhi

see talk by Sabrina

in press, World Scientific, 
arXiv:1709.07997
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Existing IACT surveys of the Milky Way

• limited coverage
• non-uniform exposure
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H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 4. HGPS point-source sensitivity map and profile along the Galactic plane at a Galactic latitude b = 0�. The sensitivity is given in % Crab,
for a correlation radius Rc = 0.1�, assuming a spectral index � = 2.3. This sensitivity is computed under the isolated point source assumption and
is thus better than the actual sensitivity achieved for the HGPS source catalog (see Sect. 4.12).

The point-source sensitivity level reached by H.E.S.S. at all
points in the HGPS data set is depicted in Fig. 4, where a projec-
tion of the sensitivity map along Galactic longitude at a Galactic
latitude of b = 0� is also shown. It is typically at the level of 1 to
2% Crab. The deepest observations were obtained around inter-
esting objects for which additional pointed observations were
performed. Examples include the Galactic center region (around
` = 0�, where the best sensitivity of ⇠0.3% Crab is reached),
the Vela region (` = 266�), the regions around HESS J1825�137
and LS 5039 (` = 17�), or around HESS J1303�631 and PSR
B1259�63 (` = 304�).

Similarly, the sensitivity values along Galactic latitude for
two values of longitude are shown in Fig. 11. For most of the
surveyed region, the sensitivity decreases rapidly above |b| > 2�
due to the finite FoV of the H.E.S.S. array and the observa-
tion pattern taken, except for a few regions, such as at ` = 0�
where high latitude observations were performed (see Sect. 2).
The best sensitivity is obtained around b = �0.3�, reflecting
the H.E.S.S. observation strategy; the latitude distribution of the
sources peaks in this region.

We note that the sensitivity shown in Fig. 4 does not cor-
respond to the completeness of the HGPS source catalog. One
major effect is that the HGPS sensitivity is dependent on source
size; it is less sensitive for larger sources, as shown in Fig. 13
and discussed at the end of Sect. 5.3. Other effects that reduce
the effective sensitivity or completeness limit of HGPS are the
detection threshold, which corresponds to ⇠5.5�; the large-
scale emission model; and source confusion, as discussed in the
following Sect. 4.

4. HGPS source catalog

4.1. Introduction and overview

The HGPS source catalog construction procedure intends to
improve upon previous H.E.S.S. survey publications both in sen-
sitivity and homogeneity of the analysis performed. The previous
iteration, the second H.E.S.S. survey paper of 2006 (Aharonian
et al. 2006a), used a 230 h data set with inhomogeneous

exposure that was limited to the innermost region of the Galaxy.
This survey detected a total of 14 sources by locating peaks in
significance maps on three different spatial scales: 0.1�, 0.22�,
and 0.4�. It then modeled the sources by fitting two-dimensional
symmetric Gaussian morphological models to determine the
position, size and flux of each source, using a Poissonian
maximum-likelihood method.

Since 2006, H.E.S.S. has increased its exposure tenfold and
enlarged the survey region more than twofold, while also improv-
ing the homogeneity of the exposure. As illustrated in the upper
panel of Fig. 5, the data now show many regions of complex
emission, for example, overlapping emission of varying sizes and
multiple sources with clearly non-Gaussian morphologies. Apart
from discrete emission, the Galactic plane also exhibits signifi-
cant emission on large spatial scales (Abramowski et al. 2014a).
For these reasons, we needed to develop a more complex anal-
ysis procedure to construct a more realistic model of the �-ray
emission in the entire survey region. Based on this model, we
compiled the HGPS source catalog.

We first introduce the maximum-likelihood method used for
fitting the emission properties (Sect. 4.2). Next, we describe
the H.E.S.S. point spread function (PSF; Sect. 4.3) and the
TS maps (Sect. 4.4), which are two important elements in the
analysis and catalog construction. The procedure is then as
follows:

1. Cut out the Galactic center (GC) region and shell-type super-
nova remnants from the data set because of their complex
morphologies (Sect. 4.5).

2. Model the large-scale emission in the Galactic plane globally
(Sect. 4.6).

3. Split the HGPS region into manageable regions of interest
(ROIs) (Sect. 4.7).

4. Model the emission in each ROI as a superposi-
tion of components with Gaussian morphologies
(Sect. 4.8).

5. Merge Gaussian components into astrophysical VHE �-ray
sources (Sect. 4.9).

6. Determine the total flux, position, and size of each �-ray
source (Sect. 4.10).

A1, page 7 of 61

gamma-ray sky > 50 GeV (Fermi LAT 2FHL)

H.E.S.S. Galactic Plane Survey
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The CTA GPS: goals

1. census of Galactic VHE source populations
2. targets for follow up in other KSPs (e.g. PeVatrons) or by Guest 

Observers
3. diffuse emission
4. large and coherent legacy dataset for the community
5. discover new and unexpected phenomena
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6. KSP: Galactic Plane Survey 6.1 Science Targeted

Figure 6.2 – Simulated CTA image of the Galactic plane for the inner region �90� < l < 90�, adopting the
actual proposed GPS observation strategy, a source model incorporating both supernova remnant and pulsar
wind nebula populations and diffuse emission.

imaging atmospheric Cherenkov telescopes but dominated by H.E.S.S. detections) was used to predict
300 – 500 sources for an instrument achieving a sensitivity of 1 – 3 mCrab. Figure 6.1 shows the
cumulative source count as a function of VHE flux. Similarly, a few different source population models
were used in Dubus et al. 2013 [5] to estimate the source count for the CTA GPS at 20 – 70 SNRs and
300 – 600 PWNe; however, in this case the models assume point-source sensitivities. It is important to
note that sensitivity will be worse for extended sources (see Sect. 6.2.2) and the actual detected numbers
of sources may be correspondingly reduced. Alternatively, these extrapolations could also be viewed as
conservative, since they are based on the currently known VHE source populations. The discovery of
new source classes would increase the total number of Galactic sources detectable by CTA.

Figure 6.2 shows a simulated image of what could result from a CTA survey of a portion of the Galactic
plane using a model that incorporates SNR and PWN source populations as well as diffuse emission.
The current work is an extension of earlier simulations described in Ref. [5]. As can be seen in this
figure, the source density in the innermost regions of the Galaxy (|l| < 30�) could approach 3 – 4 sources
per square degree and thus source confusion is likely to be a concern (see Sect. 6.4.2). Preliminary
work has estimated the number of sources expected by calculating the intrinsic VHE luminosities of the
existing sources (with known distances) and then assuming a disc-like distribution of sources to estimate
the increased number of more distant sources with comparable intrinsic luminosities detectable by CTA.
This relatively simplistic but straightforward estimate yields ⇠ 300 sources and is likely conservative
because it does not consider possible sources that are intrinsically dim, i.e. those sources with intrinsic
luminosities comparable or dimmer than Geminga, the source that currently has the lowest intrinsic VHE
luminosity [192]. The conclusion that can be drawn from these population estimates is that CTA can
expect the detection of many hundreds of Galactic sources that would follow from a survey of the plane
with a sensitivity at the level of a few mCrab.

For a somewhat different approach, one can use knowledge from Fermi-LAT to estimate sources that
could be expected in the VHE band. In one study, the spectra of probable Galactic sources from the
Fermi-LAT 2FGL catalogue were extrapolated to VHE to predict that CTA would detect more than 70 of
the Galactic 2FGL sources [5]. The spatial (Galactic coordinate) distribution of the Fermi-LAT sources
has been studied further for this KSP, using primarily the 2FHL [183] catalogue. Increased exposure by
Fermi-LAT has enabled the production of the latter catalogue, containing sources of gamma rays with
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Cutout of simulated image of CTA GPS (from Science with CTA)
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The CTA GPS: sensitivity goal
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6. KSP: Galactic Plane Survey 6.1 Science Targeted
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Figure 6.1 – Cumulative Galactic source count as a function of VHE gamma-ray flux. Adapted from Renaud
2009 [191] to show the target CTA GPS sensitivity range (cyan-shaded region).

2.2 Where and how do pulsar complexes accelerate high-energy particles?

The current motivation for the CTA GPS builds upon the published work of others, in particular Dubus
et al. 2013 [5]. This KSP document is consistent with that work, but has gone further by using up-to-date
sensitivity calculations, simulations and observation planning. Additional comparisons with observato-
ries at complementary energies, namely Fermi-LAT and HAWC, have also been carried out.

6.1.2 Context / Advance beyond State of the Art

Our current knowledge of the Galaxy at very high energies is based on both surveys and pointed
observations made by ground-based gamma-ray telescopes using the atmospheric Cherenkov, water
Cherenkov and air-shower techniques as well as space-based gamma-ray telescopes, such as Fermi-
LAT and AGILE. Specifically, surveys have had a major impact on VHE source detections in the Galactic
plane, including the H.E.S.S. GPS, the Milagro survey of the northern sky, the HEGRA survey of the
northern Galactic plane, the VERITAS survey of the Cygnus region and the Fermi-LAT catalog of hard
sources. Table 6.1 provides a compilation of the previous VHE surveys of the Galactic plane.

A total of ⇠100 Galactic sources of VHE gamma rays have now been detected. Their distribution in
Galactic latitude peaks sharply along the Galactic plane (b ' 0�), with more than 90% located at latitudes
b < 2.0�, although there may be some bias due to the worsening sensitivity of the H.E.S.S. survey off-
plane. The largest source class is that of PWNe, followed by SNRs and gamma-ray binaries. About
two-thirds of known sources are not yet firmly identified; most have multiple plausible associations that
are challenging to disentangle, although some appear to be dark accelerators that are not detected
at lower energies. Only a handful of the VHE Galactic sources are point-like in nature (largely binary
systems). The large majority of sources have extended VHE emission, with a typical angular size of
⇠ 0.1� � 0.2� (in radius), and a few are considerably larger than this. The reconstructed spectra are
generally well fit by power-law spectral models, with typical differential spectral indices in the range of
� ⇠ 2.3 � 2.7.

We can estimate the expected number of VHE sources (predominantly PWNe and SNRs) to be detected
in the CTA GPS from the known population of ⇠100 VHE Galactic sources. For example, in Renaud
2009 [191], the log N - log S distribution of the VHE Galactic population (including all detections made by

Cherenkov Telescope Array
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The CTA GPS: implementation

 9

• cover whole Galactic plane (new 
discoveries, completeness)

• sensitivity better than 4 mCrab
• deeper observations of regions 

where more sources are expected 
• observing time:1020 h S + 600 h N

• rapid start over first 2 years
• final sensitivity after 10 years
• periodic assessments of the 

program and data releases 
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Galactic discovery reach
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Comparison CTA - H.E.S.S.
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H.E.S.S. Galactic Plane Survey

Plot credits: Christoph Deil, Roberta Zanin
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Comparison CTA - H.E.S.S.
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Cutout of CTA GPS from first Data Challenge

Plot credits: Christoph Deil, Roberta Zanin
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Towards a GPS source catalog

• systematic search and characterisation of sources in the first 
Data Challenge (DC-1) GPS data

• preparation for multiwavelength support

 14
Source list from DC-1 GPS simulations. Plot credits: Josh Cardenzana

100 mCrab

10 mCrab

1 mCrab

Importance of source confusion
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Resolving extended sources

 15

3.2. Results and Analysis

3.2.1. Gamma-ray Image

We first look at the simulated images for CTA and study the
possibility of using morphological information to determine the
major component of the VHE gamma-ray emission. Different
gamma-ray images in the energy range of 1–100TeV are
generated by changing Ap/Ae, the ratio between the hadronic and
leptonic contributions. Figures 1(a) and (b) show the images for
Ap/Ae=0.01 (lepton dominated; e.g., Abdo et al. 2011) and
100 (hadron dominated; e.g., Fukui et al. 2012), respectively.
Each image corresponds to 50hr of observations with CTA. As
per our assumptions described above for the underlying
templates, the lepton-dominated model (Figure 1(a)) shows a
gamma-ray image that resembles the X-rays, and the hadron-
dominated case (Figure 1(b)) delineates the ISM proton
distribution including both CO and H I. The difference between
them (Figure 1(c)) is significant, as is evident from the
subtraction between the two images.

To perform a quantitative evaluation, we employ the
method of likelihood fitting (e.g., Mattox et al. 1996; Cowan
1998; Feigelson & Babu 2012). We focus here on the ability
of CTA to determine the dominant emission component from
the prospectively observed morphology. We calculated the
maximum log-likelihood, Le and Lp, by fitting the simulated
images with the leptonic and hadronic spatial template,
respectively. We note that the templates used during the fits
are the same as those used in the simulations, meaning that a
rather idealistic case is assumed. To determine the log-
likelihoods Le and Lp individually, we employ either the
hadronic or leptonic template one at a time in each fitting
model (regardless of the intrinsic Ap/Ae ratio in the simulation
data being fitted). We keep the normalization, photon index,
and cutoff energy of the power law as free parameters during
the fitting process. We also fit the data with the composite
model containing both the leptonic and hadronic components
in order to obtain the log-likelihood Lep. Then we calculated
the differences 2(Lep−Le) and 2(Lep−Lp) for various
Ap/Ae, as summarized in Table 1. These differences in log-

likelihood are large when the composite model is a significant
improvement over the leptonic or hadronic models, and the
difference is intended to be distributed approximately as a χ2

variable with 3 degrees of freedom (for the extra parameters in
the composite model). However, this is only a rough
indication, as the conditions of Wilks’s theorem are violated
because the simple model is on the physical boundary of
allowed parameters of the composite model (Wilks 1938).
Table 1 indicates that the composite model is strongly favored
over the simple models and that we can easily find the
dominant component when the contribution of the second
component is small. For example, when Ap/Ae=100, Lep is
very different from Le but nearly the same as Lp. On the other
hand, in the case where there is a more or less equal
contribution from both particle populations (i.e., Ap/Ae=1),
we found that the fitting tends to be biased toward the
hadronic component. When Ap/Ae=1 in our model, the total
number of hadronic photons is larger than that of the leptonic
photons owing to the differences in Ec, especially at higher
energies. Since the angular resolution becomes better at such
higher energy ranges, the likelihood result expectedly favors a
hadron-dominated scenario. Nevertheless, we note that the
case of Ap/Ae>1 (hadron dominated) shows a more spread-

Figure 1. Simulated gamma-ray images of (a) Ap/Ae=0.01 (lepton-dominated case) and (b) Ap/Ae=100 (hadron-dominated case) with Γp=2.0 and
E 300 TeVp

c = . The green contours show (a) XMM-Newton X-ray intensity (e.g., Acero et al. 2009) and (b) total interstellar proton column density (Fukui et al. 2012)
smoothed to match the PSF of CTA. The subtracted image of (b) − (a) is also shown in (c). The black contours correspond to the H.E.S.S. VHE gamma rays
(Aharonian et al. 2007a). The unit of color axis is counts pixel−1 for all panels.

Table 1
Differences in the Maximum Log-likelihood for Spatial Templates with

Various Values of the Ap/Ae Ratio

Ap/Ae
a 2(Lep−Le)b 2(Lep−Lp)b

0.01 16.8 20085.8
0.1 761.9 15030.1
1.0 12280.2 3494.1
10.0 27083.1 171.9
100 31649.0 0.9

Notes.
a Ae and Ap are normalization constants for the leptonic and hadronic
component, respectively. The details are described in the text.
b Le, Lp, and Lep are the maximum log-likelihoods for the leptonic, hadronic,
and composite templates, respectively.

9

The Astrophysical Journal, 840:74 (14pp), 2017 May 10 Acero et al.Simulated images of RX J1713 (50 h) for different physical models

CTA Consortium ApJ 2017 840:74
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sidered as qualitative, but still encouraging, hints for the fact that
CTA will be able to perform studies of the diffuse emission sur-
rounding CR sources and possibly will be capable of resolving the
details of such emission. Besides locating the sites of CR accelera-
tion in the Galaxy, these studies will also serve to investigate the
transport of CRs at specific locations in our Galaxy, an aspect that
is still at the limit of the capabilities of current instruments.

3. Starburst galaxies and galaxy cluster

Although proposed and predicted as high-energy gamma-ray
emitters over two decades ago (see e.g. [81]), starburst galaxies
were finally established through VHE- [29,30] and GeV observa-
tions [28] only recently. Although the two archetypal starburst gal-
axies, M82 and NGC253, appear as point sources to current
instruments, it became clear that the starburst phenomenon re-

lates to the core of the systems, where a potentially high CR den-
sity is sustained by higher star formation rates and greater
amount of gas and dust that reprocess light into the IR band and
can then serve as targets for gamma-ray production by CR elec-
trons and nuclei. Due to the large density of targets (both gas
and photons) for CR interactions, which diminishes the CR energy
loss time, the conversion efficiency of protons into gamma-rays ex-
ceeds that in our Milkyway by up to an order to magnitude. To
date, the scientific return beyond the physics scenarios that led
to the prediction of their high-energy emission is still limited, as
the spectrum is only coarsely measured and, accordingly, no obser-
vations exist that could address the question of the maximum en-
ergy, or the potential existence and shape of spectral cutoffs. A
detailed spectral study will be in reach with CTA.

This is demonstrated in Fig. 9, where the simulated spectrum
for M82 is shown (black data points) for 30 h of observations with

Fig. 7. Top panel: diffuse gamma-ray emission from the region surrounding the SNR RX J1713-3946 as calculated in [77]. The position of the SNR shell is indicated in purple.
Units in the color scale are GeV/cm2/s/sr. Bottom panels: brightness profile (same units) of the emission along the two black lines in the map. The x-axis is in pixel units. One
pixel is 0.066!. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Gamma-ray flux from the gas clump indicated by a black cross in the map
shown in Fig. 7. The curves represent the predicted emission and the data points are
the simulated CTA observations (configuration E) for 50 h of exposure.

Fig. 9. Simulation of 30 h CTA observations (array configuration I) for the starburst
galaxy M82. The curves represents the predicted emission and the data points
based on the measured spectrum from M82 and a spectral model of [82].

284 F. Acero et al. / Astroparticle Physics 43 (2013) 276–286

Diffuse emission

 16

CRs escaping 
from source?

CR interactions or 
unresolved sources?

measure large-scale trends

Acero+ APh 2013 43:276
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The Galactic centre survey: goals

1. nature of the central source: Sgr A*?
2. Fermi bubbles: large-scale outflow?
3. extra-deep census of VHE sources
4. diffuse emission from central molecular zone: particle 

acceleration and transport
5. dark-matter searches

 17
Simulated CTA image of the GC region
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The GC survey: implementation

 18

5. KSP: Galactic Centre

5 KSP: Galactic Centre

Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observa-
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown in cyan
(with each circle representing a 6� field of view for a typical CTA configuration). Several object positions are
overlaid with blue dots for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the galaxy.

The Galactic Centre Key Science Project is comprised of a deep exposure of the inner few degrees of
our Galaxy, complemented by an extended survey to explore the regions not yet covered by existing
very high energy (VHE) instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy and possible options given
in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide variety of possible high-energy
emitters, including the closest supermassive black hole, dense molecular clouds, strong star-forming
activity, multiple supernova remnants and pulsar wind nebulae, arc-like radio structures, as well as the

Cherenkov Telescope Array
Science with CTA
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• first three years: deep survey of 
central region (525 h)

• later: extended survey up to 10º 
(300 h)  

• to be optimised based on final CTA 
characteristics and new 
multiwavelength information

From Science with CTA
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The GC on multiple scales with CTA

 19

• only known PeVatron
• giant particle outflow (Fermi bubbles)
• ideal target for dark-matter searches

test

Spitzer 
Credit: NASA/JPL Caltech 
+ Fermi bubbles 
Ackermann+ 2017 ApJ 840 43A

VLA + Spitzer + Chandra 
Wang+ 2010 MNRAS 492 895

Fermi PSF 
(50 GeV) HESS PSF 

(3 TeV)

CTA PSF 
(3 TeV)

8° CTA FoV

Sgr A*

HESS localisation 
uncertainty CTA localisation 

uncertainty

GC

Arches

Quintuplet



/23

Galactic gamma-ray transients

• not detected by ground-based 
instruments yet

• known classes (space 
telescopes): PWNe, magnetars, 
microquasars, transient binary 
pulsars, novae

• new discoveries?
• multiwavelength/

multimessenger follow-ups
• serendipitous CTA 

observations (real time 
analysis )

 20
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The transients KSP

• start before array completion
• 180 h dedicated to Galactic 

transients up to year 2 of 
Science operations
• continuation contingent 

to VHE discovery
• + 210 h follow-up of MWL/

MM triggers and 
serendipitous discoveries

• MWL/MM support essential
• expanding on work by 

current IACTs  

 21

2. Synergies 2.1 Radio to (Sub)Millimeter

2014
2015

2016
2017

2018
2019

2020
2021

2022
2023

2024
2025

NICER 

iPalomar Transient Factory             —> (~2017) Zwicky TF

ALMA

LOFAR

XMM & Chandra

VLT, Keck, GTC, Gemini, Magellan…(many other smaller facilities)

      ⇐                        CTA  Prototypes              ⇒ Science Verification ⇒ User Operation 

Low Frequency Radio

MWA

ASKAP
Kat7 --> MeerKAT --> SKA Phase 1

Mid-Hi Frequency Radio

SKA1&2 (Lo/Mid)

JVLA, VLBA, eMerlin, ATCA, EVN, JVN, KVN, VERA, LBA, GBT…(many other smaller facilities)

EHT              (prototype —> full ops)

MWA (upgrade)

Optical Transient Factories/Transient Finders

PanSTARRS1 —> PanSTARRS2
BlackGEM (Meerlicht single dish prototype in 2016)

LSST (buildup to full survey mode)

Optical/IR Large Facilities

 eELT (full operation 2024) & TMT (timeline less clear)?X-ray
Swift (incl. UV/optical)

NuSTAR
ASTROSAT 

eROSITA 

ATHENA (2028)

Gamma-ray
INTEGRAL

Fermi
HAWC Gamma400 

(2025+)DAMPE

VLITE on JVLA                               --> (~2018? LOBO) 

Advanced LIGO  + Advanced VIRGO (2017)                          (—upgrade to include LIGO India—)
Grav. Waves

Einstein Tel.?

(sub)Millimeter Radio

KM3NET-2 (ARCA) KM3NET-3
                                               IceCube (SINCE 2011)                                                                                                                                                     IceCube-Gen2? ⟹

ANTARES KM3NET-1

WFIRSTHST JWST GMT

JCMT, LLAMA, LMT, IRAM, NOEMA, SMA, SMT, SPT, Nanten2, Mopra, Nobeyama … (many other smaller facilities) 

HXMT 

SVOM (incl. soft gamma-ray + optical ground elements)

KAGRA

LHAASO

                                      Telescope Array          ⟹					upgrade	to	TAx4
                                          Pierre Auger Observatory                  ⟹				upgrade	to	Auger	Prime

IXPE

XARM 

Neutrinos

UHE Cosmic Rays

FAST

Figure 2.1 – Timeline of major multi-wavelength/multi-messenger facilities over the next decade. Note that the
lifetimes of many facilities are uncertain, contingent on performance and funding. We indicate this uncertainty
via the gradient, but have chosen timelines based on the best information currently available. Instruments still
in the proposal phase have been omitted, as have many relevant survey instruments mentioned in the text, for
the sake of space.
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From Science with CTA
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Galactic transients: forecast?

• exploring uncharted territory
• some models  predict 

detectability of flares from a 
few sources: Crab nebula, 
Cygnus X-3

 22

9. KSP: Transients 9.4 Expected Performance/Return

Figure 9.3 – Simulated energy spectra of a Crab nebula flare observed with CTA. The model presented in
[347], assuming a Lorentz factor � of 70, has been used to simulate the inverse-Compton component of the
2011 April flare observed with Fermi-LAT. A total of ten pointings of 4 h each separated by one day have been
used. The variable tail from 10 to 100 TeV is clearly detectable.

Figure 9.4 – Left: Simulated integral sensitivity above 30 GeV of a flare from Cygnus X-3 observed with the
CTA northern array. The Fermi-LAT high flux reported in [348] has been extrapolated assuming a photon index
of �2.7 and is represented by the horizontal red line. A five standard deviation detection could be obtained in
⇠10 hours of observations, while the determination of the spectrum could take up to 30 hours of observations,
denoted by the black vertical line. Right: Same as left panel but for Cygnus X-1. The possible VHE spectrum
of Ref. [321] has been used as a template (pink horizontal line), resulting in a five standard deviation detection
in 4 minutes and a good spectrum in ⇠15 minutes for CTA (see also [274]).

C) X-ray, optical, and radio transients: No simulations have been conducted for follow-up of X-ray,
optical or radio sources from transient factories, since in general, we will be exploring predominantly
new phase space. However, as in the other transient cases, there is the potential to provide high-impact
results with a moderate amount of observation time.

D) High-energy neutrino transients: Detection of VHE gamma rays associated with high-energy neu-
trinos would be instrumental for revealing and understanding the sources of the neutrinos. If the par-
ent hadrons can also escape from the sources with reasonable efficiency and contribute to the ob-
served cosmic rays, the neutrino plus gamma-ray signature could constitute the long-sought smok-
ing gun of the sources of UHECRs. One model-independent way to estimate values for the VHE flux

Cherenkov Telescope Array
Science with CTA
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Simulated CTA spectra of Crab Nebula flare 
4 h X 10 nights

From Science with CTA
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Final remarks

• CTA Key Science Projects → tremendous push to our understanding of 
the Milky Way at VHE
• first complete VHE survey with angular resolution of few arcmin, 

increase number of sources by an order of magnitude
• deep survey of Galactic centre region, probing particle 

acceleration and transport on multiple spatial scales
• search for Galactic transients in the multiwavelength/

multimessenger context  
• next talks: specific topics of particular relevance for CR origin/transport

• massive-star clusters → Rui Zhi
• PeVatrons → Sabrina
• SNRs → Pierre
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