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Goals of VHE Astrophysics
• Cosmic Particle Acceleration

- Origin of cosmic rays

- Understand astrophysical jets and extreme environments

- VHE Pulsar emission

• Cosmology

- Measure the extragalactic background light

• Search for new physics

- Dark matter (indirect detection of annihilation or decay products)

- Measure intergalactic magnetic fields (origins in primordial field)

- Search for violations of Lorentz invariance

- Astrophysical backgrounds 
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Gamma Ray Telescopes
Atmospheric Cherenkov Telescopes

H.E.S.S./VERITAS/MAGIC
EAS Arrays

Milagro/Tibet/ARGO

50 GeV - 100 TeV
Large Area

Excellent background rejection
Small Aperture/Low Duty Cycle

Study known sources
Deep surveys of limited regions
Source morphology (SNRs)
Fast transients (AGN flares)

Sky survey & monitoring
Extended Sources
Transients (GRBs, AGN flares)
Highest Energies (>10 TeV)

100 GeV - 100 TeV
Large Area

Good background rejection
Large Aperture & Duty Cycle
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Extensive Air Showers

F. Schmidt, "CORSIKA Shower Images", http://www.ast.leeds.ac.uk/~fs/showerimages.html

4 km

100 GeVgamma ray

4 km

100 GeVproton

• γ showers almost purely 
e-m and relatively 
compact

• Hadronic showers 
contain muons (~30/TeV) 

• Both have core of 
energetic particles

• Ground-based VHE 
telescopes must 
distinguish protons from 
photons
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• Cherenkov light beamed forward 
(~1o opening angle)

• Illuminates ~100,000 m2 on ground

•Cherenkov flash lasts ~few ns

•O(10 photons/m2) @ 1 TeV

Imaging Atmospheric Cherenkov Telescopes
MAGIC Telescope
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Extensive Air Shower Arrays

Tibet ASγ

200m

20
0m

Milagro 

6

•Detect particle that survive to ground level

•Scintillation detector arrays sparsely instrument the ground <2% coverage

•Water detectors (or RPC carpet) can densely sample the shower particles 
(~50% particles detected)

•Water will also convert gamma rays to electrons/positrons (gamma rays 
dominate the particles on ground ~6:1)

•Deep water detector (≳4m) can serve as muon detector
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Angular and Energy Reconstruction

ARGO

ARGO

Primary energy via energy at ground
(shower fluctuations dominate 

resolution ~40%)

Direction via timing
(~ns timing yields 0.2o-1o 

resolution)
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VHE Instruments

MAGIC

Tibet ASγ & ARGO

Milagro

VERITAS

HESS
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HAWC
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VHE Sky
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http://tevcat.uchicago.edu
http://tevcat.uchicago.edu

178 sources
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HAWC  View of the Sky
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Crab Nebula

Geminga

Mrk 421Mrk 501

Milky Way
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Galactic Gamma-Ray Sources

36 PWN (2 pulsars)
35 UNID
13 SN Shell
10 SNR/Mol. Cloud
6 binaries
4 massive star clusters
2 Star Forming Regions
1 Globular Cluster
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PWN

SNR

X-Ray Binary

Globular Clusters

Terzan 5
Crab Nebula

Tycho
SNR/Molecular Clouds

IC 443
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Cosmic-Ray Origins
• Steep spectrum E-2.7

• Galactic energy loss of 1041 
ergs/sec (from lifetime 
measurements)

• Supernovae long suspected 
GCR source

- Energy budget 1051 ergs/30 
years = 1042 ergs/sec

- Strong shocks yield E-2.1 
spectrum

- Maximum energy ~1016 eV

• Direct proof has been elusive!
12
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RX J1713
HESS image of RX J1713.7-3946X-Ray Image of RX J1713.7-3946

ASCA
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Cassiopea A (300 yrs)
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Deep exposures of Cas A: Radiation Models  
 

Kumar, ICRC 2015 !

!  Hadronic model is preferred at lower energy (Yuan et al. 2013) 
!  At higher energy both leptonic and hadronic mechanisms may contribute 

(Saha et al. 2013) 

Reshmi Mukherjee TeVPA, Kashiwa 2015 

VERITAS (Acciari et al. 2010) 

MAGIC (Albert et al. 2007) 
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SN Remnant Evolution

15

>3000 yrs

1000-3000 yrs

<1000 yrs

from S. Funk
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SNR and Cosmic Rays
• SNRs are complicated objects:

- Age, environment, progenitor, magnetic fields all may play a role

• Likely leptonic and hadronic acceleration 

• Need multi-wavelength observations to understand:

- particle energy distributions

- X-ray - TeV correlation

- broadband energy spectrum

• No evidence for PeV energies

• Higher spatial and energy resolution needed - CTA
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Pulsars and Their Nebulae

• PWN are most common Galactic source of TeV 
gamma rays

• PWN are powered by their pulsars

• Nebulae trap high-energy electrons/positrons

• Eventually release electrons/positrons into the ISM

• Potential background for dark matter searches

• Understanding particle diffusion critical

17
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VHE Emission from Pulsars

18

Summary of the “standard” model

Cargèse, 9-13/5/2005 – p.14/37

from Dany Page

Fermi-LAT Observations of the Crab Pulsar and Nebula 5
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FIG. 2.— Light curves at different wavelengths. Two cycles are shown. References: (a) from the Nançay radio telescope; (b) Oosterbroek et al. (2008); (c)
Rots et al. (2004); (d) Mineo et al. (2006); (e) Kuiper et al. (2001); (f) EGRET, Kuiper et al. (2001); (g) this paper; (h) Aliu et al. (2008).

edges of P2 have Lorentzian half-widths of 0.115± 0.015 and
0.045 ± 0.008 respectively. Hence, the γ-ray first peak leads
the radio main pulse by phase 0.0085 ± 0.0005, as shown
in Figure 1, where the radio profile (red line) is overlaid for
comparison.
The second γ-ray peak leads the second 1.4 GHz radio

pulse (interpulse) by 0.0143 ± 0.0022 in phase. The peak
separation is slightly wider at 1.4 GHz than in γ-rays.
An error in these γ-radio delays can also arise from the

measurement of the dispersion measure and its derivative.
FollowingManchester and Taylor (1977), the error on the dis-
persion delay in the propagation of a signal at a frequency f
through the interstellar medium is:

∆(∆t) = −
∆DM

Kf2
(1)

where ∆DM takes into account the error on the measure-
ment of DM and its derivative, and K = 2.410 × 10−4

MHz−2 cm−3 pc s−1 is the dispersion constant. This yields
a formal uncertainty of 1.4 µs, which is significantly smaller
than the 21.1 µs accuracy of the overall timing solution, and
therefore leads to an error of 0.0006 in phase on the γ-radio
delay.
The presence of a radio feature referred to as Low Fre-

quency Component (LFC) by Moffett and Hankins (1996)
can be noticed, at phase 0.896± 0.001 on the radio light curve
obtained at 1.4 GHz as seen in Figures 1 and 2 (a). This peak
is assumed to be near the closest approach of the magnetic
axis. The first γ-ray peak lags the LFC by 0.095 ± 0.002 in
phase.
Figure 3 shows the light curves in 5 energy bands, covering

the 100 MeV – 300 GeV interval while Table 1 reports the
evolution of the positions of the peak maxima (φ1 and φ2 for
P1 and P2 respectively) and their half-widths (HW), for the
energy bins between 100 MeV and 10 GeV. The photon num-
ber counts above 10 GeV were not sufficient to fit the peak
profiles. The phases of the first (P1) and second (P2) peaks
do not show any significant shift with energy. Both become
narrower when the energy increases, showing in particular a
steepening in the P2 falling edge.
Table 1 also presents the energy dependence of the rela-

tive weight of the two peaks. The diffuse and nebular back-
ground photon density has been first estimated in the 0.52 –
0.87 phase interval, then renormalized and subtracted so as to
determine the number of pulsed photons in both peaks. P1 and
P2 are here defined in the 0.87 – 1.07 and 0.27 – 0.47 phase
intervals respectively. As for the Vela pulsar (Abdo et al.
2009a), the ratio P1/P2 decreases with increasing energy, es-
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FIG. 2.— Light curves at different wavelengths. Two cycles are shown. References: (a) from the Nançay radio telescope; (b) Oosterbroek et al. (2008); (c)
Rots et al. (2004); (d) Mineo et al. (2006); (e) Kuiper et al. (2001); (f) EGRET, Kuiper et al. (2001); (g) this paper; (h) Aliu et al. (2008).

edges of P2 have Lorentzian half-widths of 0.115± 0.015 and
0.045 ± 0.008 respectively. Hence, the γ-ray first peak leads
the radio main pulse by phase 0.0085 ± 0.0005, as shown
in Figure 1, where the radio profile (red line) is overlaid for
comparison.
The second γ-ray peak leads the second 1.4 GHz radio

pulse (interpulse) by 0.0143 ± 0.0022 in phase. The peak
separation is slightly wider at 1.4 GHz than in γ-rays.
An error in these γ-radio delays can also arise from the

measurement of the dispersion measure and its derivative.
FollowingManchester and Taylor (1977), the error on the dis-
persion delay in the propagation of a signal at a frequency f
through the interstellar medium is:

∆(∆t) = −
∆DM

Kf2
(1)

where ∆DM takes into account the error on the measure-
ment of DM and its derivative, and K = 2.410 × 10−4

MHz−2 cm−3 pc s−1 is the dispersion constant. This yields
a formal uncertainty of 1.4 µs, which is significantly smaller
than the 21.1 µs accuracy of the overall timing solution, and
therefore leads to an error of 0.0006 in phase on the γ-radio
delay.
The presence of a radio feature referred to as Low Fre-

quency Component (LFC) by Moffett and Hankins (1996)
can be noticed, at phase 0.896± 0.001 on the radio light curve
obtained at 1.4 GHz as seen in Figures 1 and 2 (a). This peak
is assumed to be near the closest approach of the magnetic
axis. The first γ-ray peak lags the LFC by 0.095 ± 0.002 in
phase.
Figure 3 shows the light curves in 5 energy bands, covering

the 100 MeV – 300 GeV interval while Table 1 reports the
evolution of the positions of the peak maxima (φ1 and φ2 for
P1 and P2 respectively) and their half-widths (HW), for the
energy bins between 100 MeV and 10 GeV. The photon num-
ber counts above 10 GeV were not sufficient to fit the peak
profiles. The phases of the first (P1) and second (P2) peaks
do not show any significant shift with energy. Both become
narrower when the energy increases, showing in particular a
steepening in the P2 falling edge.
Table 1 also presents the energy dependence of the rela-

tive weight of the two peaks. The diffuse and nebular back-
ground photon density has been first estimated in the 0.52 –
0.87 phase interval, then renormalized and subtracted so as to
determine the number of pulsed photons in both peaks. P1 and
P2 are here defined in the 0.87 – 1.07 and 0.27 – 0.47 phase
intervals respectively. As for the Vela pulsar (Abdo et al.
2009a), the ratio P1/P2 decreases with increasing energy, es-

Crab Pulsar
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Crab Pulsar >400 GeV Emission

19

The Crab Pulsar at TeV Energies 
!  Pulsed emission in the 120-400 GeV range not expected theoretically – challenge to 

pulsar models.  

VERITAS, Nguyen, ICRC 2015 MAGIC, de Oña Wilhelmi, ICRC 2015 

Reshmi Mukherjee TeVPA, Kashiwa 2015 

The Crab Pulsar at TeV Energies 
!  Pulsed emission in the 120-400 GeV range not expected theoretically – challenge to 

pulsar models.  

VERITAS, Nguyen, ICRC 2015 MAGIC, de Oña Wilhelmi, ICRC 2015 

Reshmi Mukherjee TeVPA, Kashiwa 2015 

MAGIC VERITAS
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Crab Pulsar VHE Spectrum

20

The Crab Pulsar Spectrum at TeV Energies 
!  Challenges emission models: Curvature radiation unlikely to be responsible for 

pulsed VHE emission. 

!  Emission from the neighborhood of Light Cylinder (r ~1600km) . 

!  MAGIC measures spectrum for pulsar > 1.2 TeV 

!   Fermi-TeV fits show IC emission from ~ 10 GeV to > 1 TeV. 

!  TeV pulsations may be used to put quadratic limits for LIV. 

Buehler & Blandford 2014 !

TeVPA, Kashiwa 2015 
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VHE emission challenges Pulsar models
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Vela Pulsar: H.E.S.S. II

21

• H.E.S.S. measurement at 10 GeV!
• Spectrum consistent with Fermi
• No evidence of hard component
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Pulsar Wind Nebulae

Gaensler & Slane 2006 

•Rapidly spinning neutron star  
powers a cold relativistic electron-
positron wind

•Wind termination shock 
accelerates e+e-

•Inverse Compton reactions lead to 
production of VHE gamma rays

•Over time nebula expands, 
magnetic field weakens, and e+e- are 
released into the ISM

22
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PWN: Positron Generators 

• Geminga (~300,000 yrs at ~200 pc) and Monogem (100,000 yrs at ~300 pc) are good 
candidates

• Milagro detected (HAWC confirmed) an extended gamma ray source (3
o

) coincident 
with the Geminga pulsar (~10

32

 ergs/sec) at ~20 TeV.  Most likely seeing the PWN.

• Understanding diffusion important for understanding role of PWN in local positron flux

23

4

10 100 1000
Energy [GeV]

0.01

0.1

Po
si

tro
n 

Fr
ac

tio
n

Pamela
Fermi
AMS
Monogem
Geminga
Background (Galprop)

100 1000
Energy [GeV]

10

100

El
ec

tro
n-

Po
si

tro
n 

Fl
ux

, E
3  x

 d
N

/d
E 

[G
eV

2  m
-2

 s-1
 sr

-1
]

Fermi
H.E.S.S.
Monogem
Geminga
Background (Galprop)

Fig. 1.— Left: The positron fraction from a combination of the Galprop model for the di↵use e± Galactic background (green dotted),
along with contributions from the Geminga (black) and Monogem (red) pulsars, compared with data from PAMELA (green circles), Fermi-
LAT (orange triangles) and AMS-02 (blue squares). Right: The flux of cosmic-ray electrons and positrons from a combination of the same
Galprop model (green dotted), with contributions from the Geminga (black dashed) and Monogem (red dashed) pulsars. These create
a total cosmic-ray lepton spectrum (black and red solid respectively), which can be compared with data from the Fermi-LAT (orange
squares) and H.E.S.S. (pink diamond) observations, (right). Note that the di↵use background from Galprop was not tuned to reproduced
the H.E.S.S. data, and we do not attempt to fit those data above 1 TeV.

ploy � = 1.9 for Geminga and � = 1.95 for Monogem.
The resulting normalizations required to provide a fit
to the AMS-02 data with a single pulsar correspond to
⌘W

0

= 2⇥1049 erg for Geminga and to ⌘W
0

= 8.6⇥1048

erg for Monogem. Within the context of our di↵usion
model, we note that these values act as upper limits on
the total lepton flux from each pulsar for any scenario
which is compatible with the AMS-02 data, since these
values must decrease if additional sources are considered.
The total energy outputs we find depend quite sensi-
tively on the assumptions made for the spectral slope,
but are generically compatible with the total energy out-
put expected from a mature pulsar, which ranges within
5 ⇥ 1048 . W

0

/erg . 5 ⇥ 1050, (Delahaye et al. 2010;
Malyshev et al. 2009).
Employing a combination of the Galprop Galactic e±

di↵use background model, rescaled by a factor 0.8 to
account for the additional sources, and the calculated
flux from each candidate pulsar, in Figure 1 we show the
positron fraction (left) and the combined flux of electrons
and positrons (right) observed at the solar position for
models in which the Geminga pulsar dominates the pro-
duction of nearby positrons (black), and a model where
the Monogem pulsar dominates cosmic-ray positron pro-
duction (red). In each case, we find an extremely good
match between our results and AMS-02 observations.

3. DETECTION OF A COSMIC-RAY
ELECTRON/POSITRON ANISOTROPY WITH ACTS

In the context of di↵usive propagation, we estimate the
expected anisotropy from a source at a distance d that
injected e± at a time T (e.g. Grasso et al. 2009) with

� =
3

2c

d

T

(1� �)E/E
loss

1� (1� E/E
loss

)1��

N
psr

(E)

N
tot

(E)
, (6)

with N
psr

and N
tot

the pulsar and total e± spectra. The
dipolar anisotropy � is defined as

� =
N

f

�N
b

N
f

+N
b

(7)

where N
f

and N
b

are the total number of e± ob-
served during a selected ensemble of observations point-

ing within the sky hemisphere centered on the pulsar
(N

f

) and during a second ensemble of observations with
the same collective e↵ective exposure as the first ensem-

ble, pointing within the opposite hemisphere (N
b

).
It is worth noting that this calculation of the

anisotropy from a single pulsar is overly simplistic, as ig-
nores several possible complicating e↵ects. For instance,
the corresponding anisotropy might be washed out by ef-
fects such as a local magnetic field bubble, the pulsar’s
proper motion during the age of e± injection, or signif-
icant deviations from the simple di↵usive propagation
setup employed to theoretically estimate the anisotropy
(Profumo 2012). On the other hand, anisotropies in the
charged cosmic-ray spectrum can also be induced via dif-
fusion in the interstellar medium, for instance by local
magnetic field anisotropies (Drury & Aharonian 2008;
Giacinti & Sigl 2012). While this may produce a spuri-
ous detection of an electron/positron anisotropy not due
to a nearby primary source, the two e↵ects may be in
principle disentangled in the following ways. First, any
anisotropy induced by anisotropic di↵usion should a↵ect
protons and electrons similarly, leading to a strong cor-
relation between observed anisotropies for both species.
In the case of a nearby e+e� source, which would not
produce many protons due to the strong constraints
on primary anti-proton production, the morphology of
the anisotropy would not be seen in relativistic pro-
tons. Second, any anisotropy stemming from particle
di↵usion is likely to have an anisotropy which depends
on the scale of the magnetic field inhomogenities, while
the electron anisotropy from a nearby source will have
an energy dependent anisotropy which scales with the
positron fraction due to that source. In particular, the
anisotropy should disappear above any cuto↵ energy the
primary positron source would possess. Lastly, inho-
mogenities in di↵usion parameters are likely to appear as
hotspots (Drury & Aharonian 2008; Giacinti & Sigl 2012)
or streams (Kistler et al. 2012) in the data, an anisotropic
signature from which is distinct from the dipole domi-
nated term stemming from nearby sources.
We now turn to the question of how to search for an

anisotropy in the cosmic-ray e± flux with ACTs. The

Linden & Profumo arXiv:1304.1791

10 pc

Milagro ~20 TeV

Geminga
HAWC
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Extragalactic Gamma Rays

• Active Galaxies (67 detected in VHE band)

- Extragalactic Background Light

- Primordial Magnetic Fields

- Axion-like Particle Searches 

- Lorentz Invariance Violation

• Gamma Ray Bursts (not yet detected from ground)

- Lorentz Invariance Violation

24
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Active GalaxiesBl
az

ar
Radio Jet

Quasa
r/Se

yfert 1

Radio Galaxy/

Seyfert 2

Dusty Torus

Black Hole

Accretion Disk

from AMBER press release 25
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AGN Spectral Energy Distribution

26

eV MeV GeV TeV

X-Ray 
synchrotron

VHE 
inverse ComptonSynchrotron

Inverse Compton

keV GeV TeV
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Extragalactic Background Light

from CTA and MPI
27
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The EBL
•The sum of all UV, optical, and IR 

radiation emitted over the history of 
the universe

•Main contributions from stars and light 
re-radiated by dust

•Direct measurement difficult due to 
local backgrounds (zodiacal light)

•Gamma-ray absorption measurements 
are the best way to measure EBL

•EBL is useful tool for probing other 
physics

-Axion-like particles

-UHECR accelerators

- IGMFs

wavelength (microns)1 TeV 10 TeV 100 TeV

28

z=0.1

z=0.3

z=0.5

z=1.0

z=0.01

Dwek & Krennrich 2012
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Redshift of TeV AGN

29

MAGIC Telescope
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Redshift and Spectrum
Mrk 421

Albert, J., et al. ApJ 2007

PG 1553+113
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Fig. 10.— Differential energy spectra of Mkn 421 multiplied by E2 in different activity states from different experiments. The spectra
are de-absorbed using the EBL model from Primack et al. (2005), upscaled by a factor of 1.5. A log-parabolic fit is performed (dashed
lines) to determine the peak position in the SED (see Fig. 12). For clarity, only the highest and lowest of the published Whipple results
are shown. Note that for the MAGIC spectrum the upper limit at 4.4 TeV is not plotted.

The measured spectrum and the reconstructed de-
absorbed (i.e. corrected for the effect of intergalactic
absorption) spectrum are shown in Fig. 7. For compari-
son reasons, the Crab Nebula spectrum is also shown.
The de-absorbed spectrum (shown by filled black cir-
cles) is clearly curved, its probability of being a sim-
ple power law is 1.6×10−8. The de-absorbed spectrum
is fitted by a power law with an exponential cut-off:
dN/dE = N0(E/0.2 TeV)−α exp(−E/Ecutoff), α being
the photon index, solid line in Fig. 7. The fit parameters
are listed in the inlay of Fig. 7. The power law with a cut-
off describes well the de-absorbed spectrum of Mkn 421,
with a photon index α = 2.20 ± 0.08 and a cut-off en-
ergy of Ecutoff = (1.44 ± 0.28)TeV. Taking into account
the systematic uncetrainty of 18% on the absolute energy
scale of our measurement and in addition a guessed 25%
uncertainty on the EBL level, we find that neither the

photon index nor the cut-off energy substantially change
(See Table 3). The fitted photon index was found to be
between 2.12 and 2.24, whereas the cut-off energy was
found to be between 1.1 and 1.6 TeV. From this study
we conclude that the curvature of the spectrum is source
inherent: either at the measured flux level this cosmic
accelerator is close to its energy limit, or there exists a
source–intrinsic absorption.

4. DISCUSSION

4.1. Comparison with previous observations of
Mkn 421

In Fig. 10 we show the (de-absorbed) energy den-
sity spectrum in context with several previously pub-
lished high statistics observations of Mkn 421. For
a compilation of the VHE measurements of Mkn 421
we used historical data from CAT (Piron et al. 2001),

z-0.03
Mrk 421z=0.5

H.E.S.S.

8 Ahnen et al.
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Fig. 3.— (a) Observed (blue diamonds) and EBL-corrected SED using Domı́nguez et al. (2011) (black squares) for period B. The dotted
and dashed lines show the best-fitting PWL, respectively. The gray shaded area accounts for the uncertainties derived by the use of di↵erent
EBL models (Franceschini et al. 2008; Domı́nguez et al. 2011; Gilmore et al. 2012). (b) The probability of fit as a function of EBL relative
opacity (Domı́nguez et al. 2011, D11). Only period B was considered (without upper limits). The best fit is marked with solid vertical
lines and 95 % confidence level upper limits with dashed vertical lines.

(2011) (⌧D11

), Franceschini et al. (2008) (⌧F08

), Gilmore
et al. (2012) (⌧G12

) and Scully et al. (2014) (⌧S14

) are
considered, while ↵ is a free scaling parameter. Di↵erent
intrinsic spectral shapes were assumed: PWL dF/dE =
10p0(E/E

0

)p1 , LP dF/dE = 10p0(E/E
0

)p1�p2 log10 E/E0

and PWLsc dF/dE = 10p0(E/E
0

)p1 exp [(E/10p2)p3)]
where E is measured in GeV and E

0

= 100 GeV. The
limits are reported in Table 1 and an example is given
in Fig. 3. A possible overall systematic error of ±15 %
in the absolute energy scale of the instrument is consid-
ered. Under the assumption that no curvature is present
in the intrinsic VHE spectrum, the measured spectrum is
compatible with the present generation of EBL models.

The 95 % confidence level limit obtained in this work
for Franceschini et al. (2008) is compatible with the one
found in Ackermann et al. (2012) for 0.5  z  1.6,
↵ = 1.3 ± 0.4, which is obtained from observations with
a wide range of redshift values while our UL is calculated

for a precise redshift value.
The estimated scaling on the optical depth can be

translated into EBL density constraints as shown in
Domı́nguez et al. (2011) and Abramowski et al. (2013).
The observed VHE spectrum allow us to constrain the
EBL density between 0.21 and 1.13 µm, where the optical
depth with respect to the nominal value of Domı́nguez
et al. (2011), ↵D11

< 1.73, implies in the local Universe
�f�=0.5µm < 8.7 nWcm�2sr�1.

5. CONCLUSIONS

MAGIC has detected for the first time VHE emission
from the z = 0.940 blazar PKS 1441+25 during a MWL
outburst in 2015 April. PKS 1441+25 is, together with
QSO B0218+357, the most distant VHE source detected
so far. This allow us to study VHE blazars when the
Universe was only half of its current age.

The evolution of the MWL SED is studied in the frame-
work of an external Compton emission model. The ab-

PKS 1441+25
z=0.94
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EBL Measurements

z~.05

z=0.11
z~0.18

H.E.S.S. results

• H.E.S.S. has measured the EBL from 2~1-10 microns
• Fermi has measured the EBL below 0.2 micron (3±1 nW m-2 sr-1 at z=1)
• These values are close to the lower bounds set by Galaxy counts
• Large star formation rates at the end of the cosmic dark ages excluded
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Future Challenges
• Pulsar emission - is Crab only VHE pulsar?  How is VHE emission 

generated?

• PWN - can they explain the local positron flux?

• What role do environment, age, and progenitor play in the acceleration of 
cosmic rays/electrons in SNR? 

• Where are the cosmic Bevatrons?

• How do AGN jets generate multi-TeV gamma rays?

• Do gamma-ray bursts emit TeV gamma rays?

• What are the sources of the IceCube neutrinos?

• Do gravitational wave sources emit VHE gamma rays?

• How well can we constrain the EBL? (Exclude ALPs)

• Was there a primordial magnetic field?

• What is the nature of the dark matter?
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