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(Very) High Energy Gamma-Ray Astrophysics
The study of non-thermal 
phenomena in the universe 

•black holes and neutron 
stars


• active galactic nuclei


• compact binary systems


• supernovae and 
remnants


•pulsars and PWNe


•gamma-ray bursts / 
hypernovae


• starburst regions and 
galaxies


•galaxy clusters


• cosmic rays and their 
origin 

•dark matter
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Diffusive Shock Acceleration

Fermi Process

�8
Credit: Damiano Caprioli, ICRC 2015 Dhybrid code (Gargaté et al. 2007), DC & Spitkovsky 2014 

B-field out of plane

Density

Shock → ⃪ upstream flow
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Cosmic Rays

Discovery! 

• Victor Hess , 1912


Composition: ionized nucleii 

• 90% protons


• 9% helium nucleii (α)


• rest: higher Z

Energy Density  in the Galaxy 

•   uCR ≈1 eV/cm3 

➤ stellar light: 0.3 ev/cm3 
➤ CMB:  ≈0.25 eV/cm3 
➤ magnetic fields:  ≈0.25 eV/cm3
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16 30. Cosmic rays
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Figure 30.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [91–106].

Measurements of flux with 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. 90.) In establishing the spectrum shown in Fig. 30.8, efforts
have been made to minimize the dependence of the analysis on the primary composition.
Ref. 99 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. 30.8. In the energy range above 1017 eV, the
fluorescence technique [107] 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

December 1, 2017 09:36

The Cosmic Ray Spectrum

The origin of CRs and the search for their accelerators

�10

Particle Data Book (2017)

Wikipedia
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"Knee"
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PeV Cosmic Rays

• 1 PeV proton  
➤ in galactic B-field (3 µG)  
→ Gyro-radius ≈ 0.4 pc  
➤ confined to galaxy  

(20 kpc across)

➤ does not point back to 

origin (unless really close)

�11

1 GeV particle diffusion in uniform 
galactic B field 

F. Effenberger et al. A&A 547, A120 (2012)
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F. Effenberger et al.: Anisotropic diffusion of Galactic cosmic ray protons

Fig. 3. Sample paths of pseudo-particles in the Galactic magnetic spiral field, colored by three different colors for three particles, each starting at
the same point in phase space (i.e. Earth’s position at 1 GeV) and projected onto the Galactic plane. The black lines show integrated magnetic field
lines to illustrate the magnetic field orientation. The left panel shows sample paths for isotropic diffusion, with no visible effect of the magnetic
field orientation. The right panel illustrates the preferential diffusion along the magnetic field for a simulation with anisotropy ϵ = 0.1. Note that
the exit point of the red particle in the right panel is actually the radial boundary, while the other particles all exit through the halo’s z-boundary
(not visible).

space point, 104 pseudo particle trajectories were computed. A
comparison between the calculated spectra in the case of pure
isotropic diffusion (upper panel) and two anisotropic cases, with
weak (ϵ = 0.1, middle panel) and strong (ϵ = 0.01, lower panel)
diffusion anisotropy, is shown in Fig. 4. For further compari-
son, the LIS given by Webber & Higbie (2009; WH09 hereafter)
is included in the plots. We used the parametrization given in
Herbst et al. (2010), where a comparison between a few pro-
posed LIS can be found as well. In face of the still imprecisely
known modulation effects on measured spectra inside the he-
liosphere (see, e.g., Florinski et al. 2011; Scherer et al. 2011),
such an LIS parametrization can give only a rough orientation
for what to expect for Galactic CR propagation studies. Our re-
sults have been rescaled to approximately fit the WH09 LIS in
the isotropic diffusion case, by accounting for the free parame-
ter Q0 in the source strength. The anisotropic spectra have been
rescaled again, respectively. To yield the good agreement shown
in both upper panels of Fig. 4 between the calculated spectra and
the WH09 LIS, the break in the diffusion coefficient introduced
above as well as both continuous loss processes, are required.
Including the latter improves on earlier studies, such as Büsching
& Potgieter (2008), where only a parametrized catastrophic loss
term was considered.

The spectra for different positions along the Sun’s Galactic
orbit show only very little variation in the isotropic diffusion
case. Particularly, the variation is largely independent of en-
ergy over the entire energy range considered. In contrast to this,
the variation is much stronger for the anisotropic scenario, de-
pending on the imposed diffusion anisotropy. The differences
are, in these cases, dependent on energy as well. For high en-
ergies, the spectra start to converge again towards the isotropic
differences. This is due to the increasing dominance of escape
losses for these high energies. For lower energies, the pion and

ionization losses are much more important than in the isotropic
case, because the confinement time of CRs is longer as a result
of the reduced diffusion perpendicular to the disk.

Notably, the spectrum at Earth for the weak anisotropic case
fits the reference LIS even better than the pure isotropic re-
sult, which shows that, depending on the overall parameter set,
anisotropic diffusion scenarios can improve on the model results
of conventional studies. In this context, one has to keep in mind,
however, that the precise form of the low-energy LIS and its con-
nection to the Galactic spectrum on a kpc scale is still unclear
and depends on modulation effects in the heliosphere, as well as
on similar effects in the local solar system environment (see, e.g.,
the discussion in Scherer et al. 2011). Furthermore, the assumed
break in the diffusion coefficient may be different or even ab-
sent in a more complete propagation scenario, since up to now
it has mainly been phenomenologically motivated, to yield the
expected local spectra.

The spectra for the strong anisotropic case (ϵ = 0.01) show
some significant deviations from the expected spectral shape ow-
ing to the largely increased relative importance of the loss pro-
cesses, resulting, e.g., in a flatter high-energy spectrum. In the
context of the model setup of this study, this means that such
high diffusion anisotropy is probably unrealistic. Nevertheless,
we included this case since it shows the resulting large orbital
variation at lower energies (see also Fig. 5) where the spectral
shape is still unclear. In addition, models with different struc-
tures in the Galactic halo, namely with different gas densities
and halo heights, as well as a possible magnetic field component
perpendicular to the disk, may alter the resultant spectra further,
because of the changed influence of the loss processes. These as-
pects could be clarified further in a subsequent study that takes
different CR species and more sophisticated magnetic field mod-
els into account.

A120, page 5 of 7

1 GeV particle diffusion in uniform 
galactic B field 

F. Effenberger et al. A&A 547, A120 (2012)
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Non-Thermal Emission
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Synchrotron
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Synchrotron
Inverse-Compton
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"PeVatron" Signatures
Goal is to distinguish between: 

• "leptonic"  scenario 
(electrons, Inverse-Compton 
emission) 

• "hadronic" scenario 
(protons+, pion-decay 
emission) 

• derive the characteristics of 
the parent particle 
population by model fitting 

A Cosmic Ray "PeVatron" will fit 
the hadronic scenario, and have 
a parent particle population that is 
a cut-off power-law in energy with  
Ecut-off > 1 PeV. 

�14

example model  (from Gamera sim)
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The highest energies have few photons!

�16

drop 6 orders 
of magnitude in 
detection rate!

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

�16

beyond a few hundred 
GeV we need a 
detector with  
100,000x larger 
collection area than a 
satellite...

A≈1m2
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Atmospheric Cherenkov Technique
Showers can be produced in many media, but we want a large detection volume 
(100,000+ m2 needed!): 

• Radiation and interaction length ≈ 37 g/cm2  


• Earth's Atmosphere is ≈1000 g/cm2 thick


• Showers form and complete before hitting ground


• Just need a detector...

�18
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Osiris 
reactor, 
CEA 
SaclayCredit: Les Défis du CEA, N°197 , March 2015- ©CEA/ Fabrice Mathé 
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Hadronic Showers
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The HESS Telescope Array
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The HESS Telescope Array
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a look back
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Some VHE History
Whipple 10m teleescope 

• 1968: Built, Single-pixel camera


• Breakthrough: multi-pixel camera: 
Shower Imaging


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


Many came in between: 

•CAT (Pyrenees),


• Durham (Australia)


•HEGRA (Canaries)


•Grace (India)


•CANGAROO (Australia)

�30

The Whipple 10 m Telescope, 1968

Friday, July 6, 2012
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Current Atmospheric Cherenkov Telescopes
HESS, VERITAS, MAGIC

�31

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

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

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

�32

Visible from Northern Hemisphere

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

≈200 known gamma ray source

http://tevcat.uchicago.edu/
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Characteristics of the Technique
Advantages: 

• Spectra are easy!

➤ Energy for each shower (prop to Cherenkov intensity) 
➤ Energy Resolution ≈10% 
➤ E = ≈50 GeV - 100 TeV  

• Suited for morphology studies and large extended sources:

➤ FOV is large (≈2-5° for current instruments) 
➤ Angular resolution is limited (> arcmin, <0.1°) 

Drawbacks: 

•Duty cycle  is low (≈ moonless nights → ≈1000 hours out of 8760 h per year! )


• Pointed (FOV not that large → still have to slew)


•Background-dominated 

➤ residual gamma-like showers from electrons and protons 
➤ counts of gamma-rays are only statistical (excess events above background, 

don't know for an individual event if it is signal or background)

�33
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(Very) High Energy Gamma-Ray Astrophysics
The study of non-thermal 
phenomena in the universe 

•black holes and neutron 
stars


• active galactic nuclei


• compact binary systems


• supernovae and 
remnants


•pulsars and PWNe


•gamma-ray bursts / 
hypernovae


• starburst regions and 
galaxies


•galaxy clusters


• cosmic rays and their 
origin 

•dark matter
�35

Accretion 
Jets 
Winds} Shocks 

Particle 
Acceleration}
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Supernova Remnants: an obvious choice

�36

SN 1006 Supernova remnant in  
radio + optical + x-ray  
(APOD 14/07/12)
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Supernova Remnants: an obvious choice

Why are they a candidate?  

• Cosmic ray power: 1041 erg/s

• Supernova rate in our galaxy:   
≈ 3 per century

• ESNR = 1051 erg → PSNR ≈ 1042 erg/s

• just need 10% energy to go into CR 
acceleration!

• diffusive shock acceleration → powerlaw 
similar to CR spectrum

• During adiabatic-expansion / Sedov-Taylor 
phase, high shock speeds → CR acceleration

➤ (but Emax decreases with time as SNR ages, 
so expect older SNRs don't accelerate)

• expand in to ISM (density n ≈ 0.1 cm-3) 

 → target for accelerated protons →  gammas 
via pion decay

�36

SN 1006 Supernova remnant in  
radio + optical + x-ray  
(APOD 14/07/12)
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Gamma Rays from Young SNRs

�37

Vela Jr (also known as RX J0852.0-4622)

Ecut = 6.7 ± 1.2stat ± 1.2sys TeV 
no spectral variation


Leptonic and Hadronic models fit 
equally well


hadronic model →  

εcr ≈100%! or very clumpy 
medium 

proton Ecut ≈ 55 TeV

HESS collaboration, A&A 2019 leptonic → B≈7µG
(Inoue et al. 2012; 

Gabici & Aharonian 
2014)

https://arxiv.org/pdf/1611.01863.pdf
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Gamma Rays from Young SNRs

�38

SN 1006

leptonic → B > 30µG 
(constrained by radio/X, 
but must not exceed 
VHE), VHE spectrum too 
hard! 

hadronic → εcr> 
30% (quite high 
required efficiency) 

combined lepto-
hadronic model 
→B≈45 µG  
proton Ecut= 100 TeV 
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Gamma Rays from Young SNRs

�39

hadronic model ruled out by 
Fermi-LAT data

RCW 86
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Gamma Rays from Young SNRs
RX J1713.7-3946

�40

Leptonic and Hadronic models fit equally well


hadronic →  

εcr<10%,  
proton Ecut ≈ 150 TeV  

leptonic → B≈10µG
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Gamma Rays from Young SNRs

Escaping Cosmic Rays? or particles in the forward shock?
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Cosmic Rays and Molecular Clouds

•Another way to look for purely hadronic 
emission! 

�42

Target material for escaping Cosmic rays

W28 region: An old SNR interacting with Clouds?
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Detection of Pion Bumps!
Direct evidence that cosmic-ray protons are accelerated in SNRs! 

But... 

• pbr ≈ 240 GeV (IC 443)


• pbr ≈   22 GeV (W44)
�43

Fermi Collaboration, Science 15 Feb 2013

100 GeV 100 GeV
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SNRs: Interim conclusion

• Young SNRs detected at VHE energies!


• Not always easy to rule out pure leptonic model for gamma-ray 
emission...


• But: evidence that SNRs do accelerate Cosmic Rays!

➤ pion bump measurements 
➤ escaping protons interacting with nearby molecular clouds 
➤ not currently PeVatrons, but maybe were in their past... need more objects  
➤ Theory: SNRs should accelerate up to PeV only when shock speeds are 

>10,000km/s (early stage of evolution, only lasts a short time in typical 
case 10-100 years) [e.g. Bell+MNRAS 2013] 

No smoking gun...

�44
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Jackpot (probably)! The Galactic Center...

�45

Chandra X-Ray100 pc
0.7°
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Galactic Center in Gamma Rays

�46

Central source: Kosack et al (Whipple 10m Collaboration) ApJ 2005  
Galactic Ridge: HESS Collaboration,  Nature 2006,

HESS

HESS Positional Error 
Circle (7” radius)

Sgr A*

LMXB IRS 13

Chandra Observation of the GC 
 (Wang, Lu, Gotthelf 2006)

G359.95-0.04 
(pwn?)
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Galactic Center in Gamma-rays

�47

simulation 
104 years old 
source @ GC 

GC accelerates 
(nucleonic) 
cosmic rates!

deficit in  
TeV γ-rays 
source too young?

close correlation 
between γ-rays 
and molecular 

clouds

★ Nature 439 (2006)
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Galactic Center: PeVatron?

�48HESS Collaboration, Nature 2016

10 years of data taking 
Central Molecular Zone with HESS
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Gas Tracers

�49

CS

CO

HCN
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Gas Tracers

�49

CS

CO

HCN



radial profile of the E ≥ 10 TeV cosmic-ray energy density 
(from gamma-ray luminosity + target gas as measured by molecular tracers)

≈size of CMZ

for r<rdiff,   wcr ≈ 

- constant (burst injection from point)  
- 1/r (continuous injection from point)  
- 1/r2 (wind advection)
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radial profile of the E ≥ 10 TeV cosmic-ray energy density 
(from gamma-ray luminosity + target gas as measured by molecular tracers)

Cosmic rays 
advected in a 
wind

Cosmic rays from 
(quasi) continuous 
injection 

≈size of CMZ

for r<rdiff,   wcr ≈ 

- constant (burst injection from point)  
- 1/r (continuous injection from point)  
- 1/r2 (wind advection)



HESS Collaboration, Nature 2016

Φ ∝ E−2.3
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Implications
leptonic gamma-ray emission scenario is unlikely 

• e- radiative losses → size << central molecular zone


• to get to 100 TeV e-, need "Extreme accelerator", 
low B-field, and very high diffusion coefficient


•wouldn't show correlation between gamma-ray 
emission and gas cloud density


Hadronic model implies: 

• Source is within 10 pc of Sgr A*


• Source injected cosmic rays continuously over 
≈1000 yr timescale


• Source must accelerate particles above 1 PeV


�52

tdiff ≃ 2 × 103(R /200pc)2(D/1030) years
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What is the acceleration site?
Sgr A*? 

• bolometric luminosity is 100-1000x too small to explain this emission


• Perhaps past (higher) activity?

➤ Need 106-107  years at 1039 erg/s acceleration to fully explain the CRs up to the "knee" → 

not ruled out!  

Other stuff in the Central Molecular Zone? 
➤ unseen SNRs? 

➤ only accelerate for ≈10-100 years → would need 10s of them within 1000 years 
(quite high SNR rate...)


➤ Stellar Clusters (3 are in the region) 
➤  produce collective winds, but would need motion in excess of 10k m/s → SNRs

➤ > 10pc from acceleration region


➤ Radio Filaments accelerating electrons via brehmsstrahlung?  
➤ Would follow distribution of filiments, not consistent with "centralized" source 

�53
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Where else to look? The HESS GPS

�54

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

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

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

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

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

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

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

A1, page 3 of 61
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The HESS GPS

�55

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

Fig. 16. Illustration of the location of identified H.E.S.S. sources in the Galaxy with respect to HGPS completeness (sensitivity limits).
This is a face-on view; the spiral arms (Vallée 2014) are schematically drawn as gray bars. The HGPS horizons for source luminosities of
1033 and 1034 erg s�1 (for a putative 5� detection of a point-like source, same as Fig. 4) are depicted by light blue and light brown lines (and
shaded regions therein), respectively. The source distances are from SNRcat (Ferrand & Safi-Harb 2012) and ATNF pulsar catalog (Manchester
et al. 2005). When no distance uncertainties were available, we applied a generic uncertainty of factor two on the distance. The three labeled
sources are the Galactic �-ray sources outside the HGPS region detected by H.E.S.S.

a width of 43% for the distribution of values. While the average
value is compatible with previous analyses, we still found a large
scatter (albeit compatible to the systematic and statistical errors)
of the distribution.

A fair comparison between flux values obtained with the
current method and earlier analyses proved to be difficult again
because of fundamental differences between the methods used.
In previous publications, aperture photometry was mostly used,
while in this analysis the main flux measurement was based on
a model fit, taking the PSF and morphology of the source and
large-scale emission into account. Flux estimate differences with
these two methods are shown in Fig. 9 (both measures from the
HGPS analysis, not with respect to previous publications). Many
of the differences in spectra and fluxes measured in the HGPS

analysis and previous publications are the result of changes in
the spectral extraction region (position and size).

Spectral index. For all sources we found the spectral power-
law indices to be compatible with the previously published
values. The mean difference in spectral index was 0.04 with
a width of 0.23 for the distribution. This is well compati-
ble with the expected scatter taking statistical and systematic
uncertainties of the measured spectral indices into account.

5.4.2. Differences with previous publications

In the following paragraphs, we list and discuss the outliers as
identified by Eq. (29).
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of the Cherenkov light created in an EAS, thereby raising the
energy threshold for triggering the IACTs. Since we calcu-
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fluxes. To account for this, we applied a further quality cut
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ficient T (Hahn et al. 2014), which characterizes the atmospheric
conditions, falls within the range 0.8 < T < 1.2 (for clear skies,
T = 1).

After applying the aforementioned data quality selection
cuts, 6239 observation runs remain, ⇠77% of which are runs
with four telescopes operational. The total observation time
is 2864 h, corresponding to a total livetime of 2673 h (6.7%
average dead time). The third panel of Fig. 1 is a map of the
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The HESS GPS

�56

A&A 612, A1 (2018)

Fig. 18. Significance (⇡
p

TS) of the VHE �-ray excess, centered on the
new source HESS J1119�614, with the H.E.S.S. The PSF for this data set
shown inset. The black circle at the center indicates the 68% uncertainty
in the best-fit centroid of the VHE emission. The white circle represents
the 70% containment region of the emission (R_SPEC, used also for
spectral measurement). The approximate size of the radio shell of SNR
G292.2�0.5 is shown as a green circle and the PWN G292.15�0.54 as
a green marker. The position of the pulsar PSR J1119�6127 is denoted
by a cyan diamond. The FoV is 1.5� ⇥ 1.5�.

and its age ⇠8 kyr. These data suggest a plausible SNR and
molecular cloud interaction scenario (e.g., Gabici et al. 2007),
where particles are accelerated in the shell, escape, and interact
with a nearby but offset MC, producing �-rays via hadronic p-p
collisions.

An X-ray study of the SNR with BeppoSAX and ROSAT

did not find evidence for shell-like, nonthermal emission,
nor thermal X-ray emission that should trace the interaction
between the SNR and ISM (Bocchino et al. 2001). How-
ever, several hard X-ray sources were found, suggestive of
at least localized nonthermal electron acceleration. Additional
MWL observations and spectral modeling are required to fur-
ther investigate the scenario responsible for the production of
VHE �-rays.

5.6.3. HESS J1458�608

VHE �-ray emission from the new source HESS J1458�608
(Fig. 20) is associated with the pulsar PSR J1459�6053 and
can likely be identified as a heretofore undetected PWN, on the
basis of a spatial coincidence with an energetic pulsar and the
absence of other plausible MWL counterparts. Preliminary VHE
morphological and spectral properties were first announced by
de los Reyes et al. (2012). The updated morphological proper-
ties from the HGPS catalog differ from those preliminary ones,
which had underestimated the extent of the large, complex emis-
sion region (0.37� ± 0.03� vs. 0.17� ± 0.07�; both morphological
models 2D symmetric Gaussian), likely due to the irregular
shape of the emission. Previously there was a hint for addi-
tional structure, possibly a second source hidden in the tail of
a dominant source, but this remains statistically insignificant

Fig. 19. VHE �-ray image: HESS J1457�593. See Fig. 18 for a general
description. Additionally, the SNR G318.2+0.1 is shown by plotting its
843-MHz radio intensity (Whiteoak & Green 1996) with contours at 4,
8, and 12 mJy beam�1. The FoV is 2.8� ⇥ 2.8�.

in the HGPS analysis with respect to a single-source Gaus-
sian morphology. Also of note, the best-fit centroid of the VHE
emission is now located closer to the �-ray pulsar (0.11� vs.
0.16� offset), bolstering the scenario in which the VHE emis-
sion is interpreted as a PWN powered by the pulsar. As expected
for such changes in morphological properties, the HGPS spec-
tral results also differ from the previously derived preliminary
values.

The pulsar PSR J1459�6053 (also 3FGL J1459.4�6053) is a
relatively old (⌧c = 65 kyr) but still very energetic HE �-ray pul-
sar with a spin-down luminosity 9.1 ⇥ 1035 erg s�1 and unknown
distance (d < 22 kpc) (Abdo et al. 2013). As noted above, it is
offset 0.11� from the VHE centroid, which is consistent with
offsets observed in other PSR and VHE PWN systems (e.g.,
Kargaltsev et al. 2013). The putative PWN has not been detected
in X-rays potentially because of the age of the system (Ray et al.
2011) or HE �-rays (Acero et al. 2013).

The new VHE spectrum (E > 0.46 TeV) is consistent with
the 31–316 GeV Fermi-LAT upper limits. However, the conclu-
sion, made by Acero et al. (2013), that the peak of the PWN’s
inverse Compton emission is located in this energy range has to
be revised as the peak can now only be inferred to be at higher
energies.

Apart from the HE �-ray pulsar, there is a second HE source
(3FGL J1456.7�6046) in the FoV. However, it is unclear if it is
related to the PSR and PWN scenario, since it exhibits a highly
curved, log-parabolic spectrum typical of blazars and a TS that
fluctuates strongly with the choice of diffuse model or analysis
method (Acero et al. 2015).

5.6.4. HESS J1503�582

HESS J1503�582 (Fig. 21) is a new source for which the origin
of the VHE �-ray emission is unidentified. H.E.S.S. earlier
announced preliminary morphological and spectral properties
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H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 17. Fitted power-law spectral models with uncertainty bands and flux points for new sources.

5.6.2. HESS J1457�593

VHE �-ray emission from the new source HESS J1457�593
(Fig. 19) is associated with the SNR G318.2+0.1, on the basis
of a spatial coincidence with a shell-type SNR and lack of
other potential MWL counterparts. Preliminary H.E.S.S. mor-
phological properties were initially published by Hofverberg
et al. (2010). The HGPS source position is compatible with
the preliminary position; however, the size of the source in
the catalog is different because of a difference in the assumed
morphological model. Previously, the source was modeled as an
asymmetric Gaussian (0.31� ± 0.07� by 0.17� ± 0.05�) whereas
the HGPS source is modeled, like all HGPS sources, as a sym-
metric Gaussian (0.33� ± 0.04�). Nonetheless, the spatial overlap
between HESS J1457�593 and the southern part of the SNR
shell still holds.

G318.2+0.1 is observed as a relatively large (400 ⇥ 350) shell
in radio (e.g., Whiteoak & Green 1996), which is character-
ized by two arc-like, nonthermal filaments in the northwest and
southeast (SE) that together form the shell. The VHE emission
is much larger than the SNR shell, and the VHE centroid is
significantly offset (⇠0.4�) from the SNR center, although it is
partially coincident with the SE rim of the shell. Furthermore,
there is evidence in 12CO (Dame et al. 2001) of a giant molecular
cloud (GMC) at (`, b) ⇡ (318.4�,�0.5�) coincident with both
the VHE emission and the SE rim; this GMC is 1.8� ⇥ 1.1�
(average physical size 80 pc) in size and has mass ⇠3⇥105

M�
and density ⇠40 cm�3, assuming the near solution of the kine-
matic distance 3.5 ± 0.2 kpc (Hofverberg et al. 2010). Little is
known about G318.2+0.1 itself, but assuming it is at the same
distance as the GMC and further assuming a Sedov-Taylor model
for the SNR evolution, its physical diameter would be ⇠40 pc
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Unidentified VHE Sources
• 47 unidentified sources in the HESS 

catalog!


• Search for cutoff energy... 


•Many have deeper observations since 
original publications


•HAWC also sees sources > 50 TeV (but 
with poor spectral resolution)

�57

14 The HESS Collaboration: Unidentified HESS Sources
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Fig. 8. Spectra for each unidentified source, with power-law fits. See Table 4 for detailed fit information.
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HESS J1641-463 & Fermi-LAT 

Fermi-LAT, ApJL, 794, L16, 2014 

•  Softer spectrum with Γ= 2.47 ± 0.05 ± 0.06. 

•  The connection the hard H.E.S.S. spectrum remains unclear: two different 
mechanisms, or overlapping sources? 

| Searching for PeVatrons in the Galaxy  | I. Oya, Aug 2018 | 

H.E.S.S. 

LAT HESS J1641-463 

HESS J1640-465 

HESS J1641-463 
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What could be improved?

•More sensitivity above 10 TeV


• Deeper observations


• Higher Angular Resolution to 
disentangle emission zones


• Southern Hemisphere for optimal 
coverage of the Galaxy


�59
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HAWC

�60

HAWC Observatory

NOW 2018 g.j.kunde@lanl.gov 3

•300 water Cherenkov detectors
•Altitude: 4000 m
•Location: Mexico
•22,000 m2 detector area
•Time over threshold via HPTDC
•Sub-TeV to 100 TeV sensitivity
•Wide field of view: ~2 sr
•High duty cycle: >95%
•Inauguration: March 20th of 2015
•The angular resolution from 1.0° to 

0.2° (shower size dependent) 
•Upgrade: Large sparse array with 
•3-4 sensitivity gain above 10 TeV

HAWC Sensitivity

NOW 2018 g.j.kunde@lanl.gov 6

HAWC Sensitivity

NOW 2018 g.j.kunde@lanl.gov 6

High Energy Water-Cherenkov Observatory

Very high duty cycle! 

Very large FOV

Poor Energy and 
angular resolution 

In the North...

In operation 
since 2015
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SGSO
Put a HAWC in the South!

�61

Figure 3.2: Left: SGSO angular resolution, defined as the 68% containment area of gamma rays
from a point source, compared to CTA and HAWC. Right: Energy bias and resolution, where
bias is defined as mean value of � = (log10ER � log10ET) (with reconstructed energy ER and
true energy ET), while the resolution in taken as the root mean square of �.
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Figure 3.3: Left: Comparison of di↵erential point-source sensitivity as a function of reconstructed
gamma-ray energy for several ground-based gamma-ray observatories in the southern hemisphere
(see text for details). Right: Time needed for a 5� detection of a point-source with a given flux
(evaluated at 100 GeV). The lines indicate the detection times for sources whose spectra follow
a simple power-law behavior. In addition, the time-to-detect for a source with a Crab-like like
spectrum, a bright flaring active galactic nuclei (PKS 2155-304 [14]), and the brightest Fermi -
LAT detected gamma-ray burst (GRB 130427A [15]) are indicated (see text for more details).

Figure 3.1 it is clear that we still have significant gamma-ray e↵ective area below the energy
at which the di↵erential sensitivity figure stops. This low energy performance is important
to observe transient and flaring objects, therefore we show additionally in the right panel of
Figure 3.3 the time needed for a 5� detection under di↵erent spectral assumptions. We show
the flux normalization at 100GeV that is needed to yield a detection within a given duration
for sources that follow a simple power law spectrum (as indicated by the lines). In addition we
calculate the time to detection for three examples of bright gamma-ray sources with di↵erent
spectra:

1. A bright steady source with a spectrum like the Crab Nebula.
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Figure 3.1: Left: Straw man design of SGSO indicating instrumented areas and their fill factors.
Right: E↵ective area as a function of energy of the primary particle (gamma ray or proton) after
applying gamma-hadron separation and trigger multiplicity cuts.

To explore the science case for SGSO, a toy observatory has been designed with the following
parameters:

• 5000m elevation above sea level.

• latitude 25� South

• 4m⇥4m units, with an electromagnetic energy threshold of 50MeV.

• A dense array with 4000 units covering an area of 80,000m2 with a fill-factor of 80%.

• A sparse array with 1000 units covering an area of 221,000m2 with a fill-factor of 8% .

A sketch of the configuration, and size comparison with the HAWC-like toy detector, is shown
in the left panel of Figure 3.1. The total number of electronic channels is roughly a factor of
four higher than HAWC (we assumed one channel in a smaller detector unit, while HAWC has
four in a bigger unit). In the right panel of Figure 3.1, the e↵ective area after selection cuts for
gamma-ray like events is shown for gamma ray and proton induced air showers.
The assumed angular resolution and energy resolution of the straw man design are given in
Figure 3.2. The improvement on angular resolution versus the HAWC-like observatory comes
from the increase of detected energy for a given gamma ray. For the energy resolution, shown
in the right panel of Figure 3.2, a very simple energy estimator is used that relates the amount
of detected energy directly to the gamma-ray energy. This simple estimate might not be the
most optimal energy resolution, but is comparable in performance to algorithms currently under
development within the HAWC collaboration [13].

In the left panel of Figure 3.3, the di↵erential point source sensitivity of the straw man design
is compared to that of CTA, HAWC and H.E.S.S. The sensitivity is estimated for a steady point
source at a zenith angle of 20� and the assumption that we can observe it for 6 hours per
day. This roughly corresponds to the scenario of a source transiting straight overhead. For the
SGSO sensitivity we show a band bracketing two scenarios: the top of the band corresponds
to the established background rejection and angular resolution of the HAWC observatory, while
the bottom of the curve corresponds to a gamma-ray angular resolution scaled by a factor 0.8,
and the hadron-shower passing rate by 0.5 compared to the default HAWC-like performance.
The energy-range of the point-source sensitivity is limited on the lower side due to loss of
energy resolution at few hundred GeV (Figure 3.2). However, from the e↵ective area curves in

10

Southern Gamma Ray Survey Observatory



the observatory for  
ground-based 
gamma-ray astronomy

cherenkov 
telescope 
array
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person for scale Medium

Large

Small

0.1 – 10 TeV 
25 (15) MST   

Ø 9-12 m 
>7° FoV

E < 100 GeV 
4 LST 
Ø 23m 

4.5o FoV

E > 10 TeV 
70 (0) SST  

Ø 4 m 
10o FoV

CTA-South: 99 telescopes, Paranal Chile





CTA group at DAp heavily involved!  
data processing pipeline + science!
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CTA Performance

�67

Angular Resolution Spectral Resolution

1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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CTA Construction Project
Science Case

Page 10 of 207 OBS-TDR/141106 | v.1.8 | 13 July 2016
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Real: HESS Galactic Plane Survey
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PeVatrons with CTA

Supernova Remnants: 

• Simulation of what CTA might see

➤ XMM → Inv. Compton π°  
➤ HI + CO → π°γ’s

�69

50 h



K. Kosack, DAp Seminar, June 2019

PeVatrons with CTA: Supernova Remnants
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Analysis of DC-1 Data

20/02/18 13

Proposal for DC-2:
• Use TeV and multi-wavelength data from real 

observation
• Obtain best-fit radiative models by using

Naima
• Use different best fit models as input for DC-2

Ecut,e ~ 0.5 TeV, Γe ~ 2.2

Ecut,p ~ 10 TeV, Γp ~ 0.1

Example with pion bump 
at high energy

gamma Ec = 100 TeV

gamma Ec = 50 TeV

5

Ec is detected if TS (LogLikelihood Ratio) >9

05/06/19

Spectral Ec detection map (50 TeV
intrinsic Ec)

hard

brightSpectral Ec detection map (100 TeV
intrinsic Ec)

6

Ec is detected if TS (LogLikelihood Ratio) >9

05/06/19

hard

bright
H. Constantini
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PeVatrons with CTA: Galactic Center

�71



Bologna, Italy, 2019



https://www.facebook.com/ctaobservatory/videos/1161162577376488/

Thank You!

CTA LST Prototype, La Palma, 2019  
(not a time-lapse!)

https://www.facebook.com/ctaobservatory/videos/1161162577376488/


https://www.facebook.com/ctaobservatory/videos/1161162577376488/

Thank You!

CTA LST Prototype, La Palma, 2019  
(not a time-lapse!)

https://www.facebook.com/ctaobservatory/videos/1161162577376488/


HESS Galactic Plane Survey 
Data Release 

•www.mpi-hd.mpg.de/hfm/
HESS/hgps/ 


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


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


• Image data (flux, etc) as 
FITS images

ASIDE:  

THE HESS GPS 
AND YOU!


