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170 collaborators in 10 countries 
Stereoscopic system of 2 telescopes with 17 m diameter mirrors  
Operation started 10 years ago with MAGIC-I 
Located in the island of La Palma (Spain)

The MAGIC project
FUTURE & SUMMARY
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MAGIC 
telescopes 
located in an 
exceptional 
environment: 
the Observatory 
of “El Roque de 
los muchachos” 
(28.7636°N 
17.8947°W) at 
2200 m.a.s.l.  
!

One of the best 
astronomical 
observatories in 
the world

The MAGIC location
FUTURE & SUMMARY
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The  Main  Telescopes  of  the  “Roque de los 
Muchachos”  European  Northern  Observatory 

July 3 2013, Wednesday, 33rd 
ICRC,  Riio de Janeiro, Brazil 

Razmik Mirzoyan: Recent Astrophysics 
Highlights of MAGIC 

ORM is located on the Canary island of  
La Palma, at a height of  
2200-2400 m a.s.l. 
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Light weight construction allowing 
fast repositioning of the 
telescopes (<20s / 180˚) 
Active mirror control system 
Cameras equipped with 
enhanced QE PMTs (superbialkali) 
Optical transmission of signals to 
the counting house 
Signal digitization at 2 GSample/s

The MAGIC telescopes
FUTURE & SUMMARY
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MAGIC telescopes incorporate many technological novelties first time 
applied in IACTs:
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Upgrades take place regularly to improve performance of the telescopes 
(satisfactory working for 10 years now) 
A major upgrade took place during summers of 2011 and 2012

Recent upgrade
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First phase (2011):  
re-arrangement in counting 
house (electrical power, new 
electronics room, new 
computer room) 
new readout system DRS4 
(2GSample/s) installed in both 
telescopes 
new calibration system 
computing upgrade

Diego Tescaro -- RICH 2013 -- December 4th 2013 

Commissioning++

15

Check 
mappingHV flat-

fielding

La Palma computing 
cluster update

Level-0 trigger 
delay adjustment

online HW 
monitoring tools

Real-time online 
analysis

DRS4 data 
pre-processing*

...once everything is nicely set
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Second Phase (2012): 
Replacement of old MAGIC-1 camera (577 
pixels, 2 sizes) by new MAGIC-1 camera 
(1039 pixels, 0.1˚) equipped with 
Hamamatsu R10408 (super- bialkali, Q.E. 
>30% peak, pulse width ~2 ns) 
New fibres (same as MAGIC-2)  
to the counting house 
Upgrade of MAGIC-1 readout to 
read all new channels 
Upgrade of MAGIC-1 trigger 
(×1.7 trigger area) 
Improvements in MAGIC-1  
structure

Recent upgrade
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communicating all those parameters to the central computer. In
total, the camera consists of 169 PMT clusters, while several of
them, at the edges of the camera, are not fully equipped with
photosensors.

Figure 4: Cabling of the optical fibers in the new MAGIC-I camera. Electrical
signals at the camera sensors are converted into optical ones and transmitted
over optical fibers to the readout electronics at the control room.

The temperature stabilization in the camera is performed by
a closed-loop liquid cooling system that keeps the temperature
of the cooling plates at around 20� C resulting temperature of
the clusters measured close to the VCSELs of (28 ± 1)� C. The
slow control is performed by means of a LabView based soft-
ware. The low voltage boxes containing linear power supplies
providing 5V and 12V are located just outside the main camera
body in order to assure a good shielding as well as short ways
for power lines.

3.2. DRS4 based readout
The DRS4 based readout system is the major technical nov-

elty of the upgrade. The baseline of the upgraded readout sys-
tem, now adopted in both telescopes, is the same as used in
MAGIC-II in 2009 (Tescaro et al., 2009).The readout electron-
ics divides in two main parts: the receiver boards and the dig-
itization electronics, both controlled by the same VME-based
communication network4.

3.2.1. Receiver boards
The ⇠160 m long optical fibers, carrying the optical PMTs

signal to the Counting House, connect on the back side of the
so-called MONSTER receiver boards (by means of LX5-LX5
optical connectors). The MONSTERv.2 is a multilayer 9U
board with the multiple tasks:

• convert optical signals from the camera back to analog
electrical ones;

4CAEN-CONet daisy-chain network (using the CAEN A2818 PCI-card and
the CAEN V2718 optical linked VME bridges).

• drive analog signals to the digitization electronics;

• generate the level-0 (L0) individual pixel trigger signal us-
ing discriminators;

• further split the analog branch in order to feed a copy of the
signals also to the analog trigger (sum-trigger, Rodriguez
Garcia et al. (2013)).

The optical receivers have a bandwidth of 800 MHz, a gain
of 18.5 dB, a negligible cross-talk of 0.1% and a working
range from 0.25 mV to 1150 mV, with an RMS noise smaller
than 200 V. A single board holds 24 channels with a maximum
power consumption of 75 W.

Three parameters of the L0 trigger can be adjusted from a
PC via VME for each individual channel: (1) the discrimi-
nator thresholds (DT), (2) the delay and (3) the width of the
output pulse of the discriminators. The thresholds and the de-
lays/widths can be adjusted with a precision of 0.07 mV, and
10 ps, respectively. The individual pixel rate (IPR) for the
whole camera can be monitored at a rate up to 1 kHz but is
currently monitored at 1 Hz, which is su�cient for a reaction to
stars in di↵erent fields of view.

Figure 5: Picture of the so-called DRS4 mezzanine developed at the INFN/Pisa
electronics laboratories. From left to right one can recognize the two SMA con-
nectors for the external synchronization signals (trigger and reference clock),
the analog connector, the operational amplifiers to drive the input signal to the
DRS4 chips, the three DRS4 chips (using 8 digitization channels each, 24 chan-
nels in total per mezzanine), the three built-in FIFO memories, the connector to
interface the host motherboard and the external power supply connector.

3.2.2. Digitization electronics
The sampling electronics is built with a motherboard-

mezzanine logic, where the motherboard is the extremely re-
liable PULSAR boards designed at the University of Chicago,
and the mezzanine is the new so-called DRS4 mezzanine (Fig-
ure 5) designed at the INFN/Pisa laboratory. As mentioned
above, the new DRS4 mezzanine uses now the DRS4 chip in-
stead of the DRS2 chip5 adopted in 2009 for MAGIC-II. The
DRS4 analog waveform sampler is the core of the MAGIC dig-
itization electronic. DRS4 stands for Domino Ring Sampler

5see http://www.psi.ch/drs
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• Exchange of the camera of the MAGIC-I telescope (see
Fig. 4) by a clone camera of the MAGIC-II telescope. This
also meant an exchange of the optical fibers and power ca-
bles of the MAGIC-I telescope. A rearrangement of the
counter weights in the structure took also place to com-
pensate the weight increase of the camera.

• Upgrade of the readout of the MAGIC-I telescope from
577 to 1039 channels3.

• Upgrade of the L1 trigger of the MAGIC-I telescope. The
new trigger is an improved clone of the MAGIC-II L1
trigger and has a factor of 1.7 larger area than the previ-
ous trigger. The increase of the trigger area provides a
more homogeneous gamma-ray e�ciency across the cam-
era, which is especially important for observations of ex-
tended sources and o↵-center observations. Both L1 trig-
gers (MAGIC-I and MAGIC-II) were equipped with an
improved backplane version 2.2.

In addition, two resting pillars were installed for the MAGIC-
I and MAGIC-II cameras in Summer 2012. The cameras of
the telescopes rest on top of the corresponding pillar while in
the parking position, which greatly improves the stability of the
telescope structure during storms, snowfall and strong winds.

3. Individual parts of the upgrade
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Figure 2: Schematic view of the readout and trigger chain of the MAGIC tele-
scopes. The blocks in the blue boxes have been replaced and commissioned
during the upgrade.

The main goals of the upgrade were replacing the camera
and the Level-1 trigger (hereafter L1, coincidence trigger for
a group of neighboring pixels) of the MAGIC-I telescope as
well as changing the readout of the two telescopes. The readout

3In the current configuration the readout can host up to 1152 channels per
telescope

was changed to a system based on the DRS4 chip, sampling the
signals with 2 Gsamples/s. The new readout is cost e↵ective,
has a linear behavior over a large dynamic range (from less
than 1 photoelectron to about 600 photoelectrons), less than
1% dead time, low noise, and negligible channel-to-channel
cross-talk (Bitossi et al., 2014; Sitarek et al., 2013). This al-
lowed us to maintain the quality of the readout based on MUX-
FADCs while reducing cost and saving space as we needed to
accommodate the readout for more than 2000 channels (the two
MAGIC telescopes) into the space available in the control house
of the experiment where the readout and the trigger are located.
The receiver boards and the trigger of MAGIC-I have also been
upgraded to be equal to the ones of MAGIC-II. The individ-
ual items of the upgrade program are shown in Fig. 2. In the
following we will discuss the main ingredients of the upgrade.

Figure 3: The new MAGIC-I camera installed in the telescope.

3.1. Camera of the MAGIC-I telescope
While the MAGIC-II telescope had 1039 photo multi-

plier channel (PMT) camera, each pixel having a 0.10� size,
MAGIC-I had only 576 PMT channels of two sizes. The aper-
tures of both cameras were very comparable but the MAGIC-
I camera was using double size PMTs (0.2�) in its outer four
hexagonal “rings”. The collaboration decided to upgrade the
MAGIC-I camera, building a new one, similar to MAGIC-II.
The same type of PMTs used in MAGIC-II were also adopted
in MAGIC-I: Hamamatsu R10408, equipped with 6 dynodes.
In the mean time Hamamatsu has improved the quantum ef-
ficiency of this type of PMTs by ⇠ 6%, namely instead of
the former peak e�ciency of 32% now they had 34% at the
same wavelength. The new MAGIC-I camera as well as the
MAGIC-II camera was designed, constructed and tested by the
MPI for physics, Munich. The light sensors and their steer-
ing in the camera are arranged in PMT clusters. Each cluster
consists of 7 PMTs, light guides, Cockroft-Walton type high
voltage (HV) generators, VCSEL drivers (responsible to con-
vert electrical pulses into light pulses for transmission through
the optical fibres) and auxiliary electronics for controlling and

3

Diego Tescaro -- RICH 2013 -- December 4th 2013 

M1 structure

✤ Counterweight re-arrangement, and new resting pillar for the camera
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The upgrades improved reliability and maintainability of the telescopes as 
well as instrument performances 
MAGIC performances are made public regularly after major changes: 

2010 Stereo system (Astroparticle Physics, 35 (2012) & XXXII ICRC) 
2013 Upgraded system (XXXIII ICRC & paper about to be submitted) 

!

Performances of upgraded system today: 
Trigger threshold reduced to ~50 GeV (low zenith observations). Analysis 
threshold down to 70 GeV 
Energy resolution 15%—23% below 10 TeV 
Angular resolution <0.07˚ above 300 GeV 
Sensitivity 0.6% Crab Nebula flux in 50 hours 

MAGIC Performances
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Figure 10: Energy resolution (the solid lines) and the bias (the dashed lines) ob-
tained from the MC simulations of γ−rays. Events are weighted in order to re-
produce a spectrum with a slope of −2.6. Red: low zenith, blue: medium zenith.
For comparison pre-upgrade values from Aleksić et al. (2012a) are shown with
gray lines.

4.6. Angular resolution
Following the approach in Aleksić et al. (2012a), we inves-

tigate the angular resolution of the MAGIC telescopes using
two commonly used methods. In the first approach we de-
fine the angular resolution ΘGaus as the standard deviation of
a 2-dimensional Gaussian fitted to the distribution of the re-
constructed event directions of the gamma-ray excess. Such a
2-dimensional Gaussian in the θx and θy space will correspond
to an exponential fitting function for θ2 distribution. The fit
is performed in a narrow range, θ2 < 0.025, only a factor of
∼ 2.5 larger than typical signal extraction cut at medium ener-
gies. Therefore it is a good performance quantity for looking for
small extensions (comparable with angular resolution) in VHE
γ−ray sources.
In the second method we compute an angular distance, Θ0.68,

around the source, with encircles 68% of the excess events.
This method is more global, and sensitive to long tails in the
distribution of reconstructed directions. Note that while both
numbers asses the angular resolution of the MAGIC telescopes,
their absolute values are different, normally ΘGaus < Θ0.68. For
a purely gaussian distribution ΘGaus would correspond to only
39% containment radius of γ-rays originating from a point like
source and Θ0.68 ≈ 1.5ΘGaus. We use the low and medium
zenith samples of Crab Nebula to investigate the angular reso-
lution. Since Crab nebula is not a very distant, galactic source it
might in principle have an intrinsic size which would artificially
spoil the angular resolution measured this way. However the
extension of the Crab Nebula in the VHE γ-rays was strongly
constrained to be below 0.025◦ (Aharonian et al., 2000), mak-
ing it a point-like source for MAGIC.
The angular resolution computed according to both methods

is shown in Fig. 14 and summarized in Table 2. At 250GeV
the angular resolution (computed according to 2D gaussian fit)
is 0.07◦. It improves with energy, as larger images are better
reconstructed, and reaches a plateau of ∼ 0.04◦ above a few
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Figure 11: Energy bias as a function of the spectral slope for a few estimated
energies: 0.1TeV (the dotted line), 1 TeV (solid), 10 TeV (dashed). Zenith
angle below 30◦.
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TeV.
The distributions of angular distances between the true and

reconstructed source position can be reasonably well fitted with
a single Gaussian for θ2 < 0.025. Nevertheless a proper de-
scription of the tail in the θ2 distribution requires more com-
plicated fit function (see Fig. 15). One possibility is to use a
combination of two two-dimentional Gaussian distributions as
in Aleksić et al. (2012a). We found however that the PSF func-
tion of the MAGIC telescopes can be equally well described by
the King function King (1971):

dN/dθ2 ∝
!

1 + θ2/a2
"−b

(2)

The King’s function is commonly used in X-ray experiments
and it is prefered over a combination of two two-dimentional
Gaussian distributions as it requires one less free parameter.
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Figure 14: Angular resolution of the MAGIC telescopes after the upgrade as a function of the estimated energy obtained with the Crab Nebula data sample (points)
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Figure 16: Evolution of integral sensitivity of the MAGIC telescopes, i.e. the
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!

Nbgd = 5 after 50 h
of effective observation time, with Nexcess > 10 and Nexcess > 0.05Nbgd. Gray
circles: sensitivity of MAGIC-I single telescope with Siegen readout (light gray,
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Ethresh. γ-rate bgd-rate S Nex/√Nbkg S Li&Ma,1Off S Li&Ma,3Off S Li&Ma,5Off S Nex/√Nbkg
[GeV] [min−1] [min−1] [%C.U.] [%C.U.] [%C.U.] [%C.U.] [10−13cm−2s−1]
84 19.06 ± 0.21 8.73 ± 0.07 2.291 ± 0.025 2.29 ± 0.03 2.29 ± 0.03 2.29 ± 0.03 156.5 ± 1.7
86 18.80 ± 0.21 7.80 ± 0.06 2.073 ± 0.022 2.07 ± 0.03 2.07 ± 0.03 2.07 ± 0.03 137.1 ± 1.5
104 16.88 ± 0.19 4.88 ± 0.05 1.445 ± 0.015 1.714 ± 0.020 1.445 ± 0.022 1.445 ± 0.022 75.9 ± 0.8
146 6.17 ± 0.10 0.320 ± 0.013 0.837 ± 0.023 1.25 ± 0.03 1.004 ± 0.024 0.948 ± 0.022 28.6 ± 0.8
218 3.63 ± 0.07 0.070 ± 0.006 0.66 ± 0.03 1.06 ± 0.04 0.83 ± 0.03 0.78 ± 0.03 13.4 ± 0.7
289 2.94 ± 0.07 0.032 ± 0.004 0.56 ± 0.04 0.93 ± 0.05 0.72 ± 0.04 0.67 ± 0.04 7.6 ± 0.5
404 3.05 ± 0.07 0.030 ± 0.004 0.51 ± 0.04 0.87 ± 0.04 0.67 ± 0.04 0.63 ± 0.03 4.4 ± 0.3
523 2.51 ± 0.06 0.023 ± 0.003 0.55 ± 0.04 0.95 ± 0.05 0.72 ± 0.04 0.68 ± 0.05 3.2 ± 0.3
803 1.59 ± 0.05 0.0109 ± 0.0010 0.60 ± 0.03 1.12 ± 0.04 0.84 ± 0.03 0.78 ± 0.03 1.78 ± 0.10
1233 0.95 ± 0.04 0.0062 ± 0.0007 0.75 ± 0.05 1.53 ± 0.06 1.11 ± 0.05 1.02 ± 0.05 1.12 ± 0.08
1935 0.55 ± 0.03 0.0053 ± 0.0011 1.20 ± 0.15 2.50 ± 0.16 1.80 ± 0.13 1.66 ± 0.15 0.83 ± 0.10
2938 0.307 ± 0.022 0.0027 ± 0.0008 1.55 ± 0.24 3.7 ± 0.3 2.55 ± 0.25 2.32 ± 0.24 0.51 ± 0.08
4431 0.160 ± 0.016 0.0022 ± 0.0006 2.7 ± 0.5 6.6 ± 0.6 4.5 ± 0.5 4.1 ± 0.4 0.41 ± 0.07
6718 0.078 ± 0.011 0.0018 ± 0.0010 4.9 ± 1.6 12.9 ± 1.7 8.7 ± 1.5 7.8 ± 1.4 0.34 ± 0.11
8760 0.046 ± 0.008 0.0005 ± 0.0005 7.2 ± 1.3 16.9 ± 2.3 10.4 ± 1.7 9.0 ± 1.8 0.30 ± 0.05

Table 3: Integral sensitivity of the MAGIC telescopes obtained with low zenith Crab Nebula data sample above the energy threshold Ethresh.. The sensitivity is
calculated as Nexcess/

!

Nbgd = 5 (S Nex/
√
Nbkg), or according to 5σ significance obtained from Li & Ma (1983) (with an assumption of 1, 3 or 5 background

regions, S Li&Ma,1Off , S Li&Ma,3Off and S Li&Ma,5Off ). Sensitivity is computed for 50 h of observation time with additional conditions Nexcess > 10, Nexcess > 0.05Nbgd
(S Nex/

√
Nbkg, sys). The γ-rate and bgd-rate columns show the rate of gamma events from Crab nebula and residual background respectively above the energy threshold

of the sensitivity point.
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Nbgd = 5, Nexcess > 10, Nexcess > 0.05Nbgd after 50 h of
effective time.

tween < −2◦ and > 58◦, one can observe either at low zenith an-
gle, or at medium zenith angle sacrificing higher energy thresh-
old for a small boost of ∼ 10% in sensitivity at TeV energies.
The sensitivity of IACTs clearly depends on the observation

time which can be spend observing a given source. In particular
for transients, such as gamma-ray bursts or flares from active
galactic nuclei it is not feasible to collect 50h of data within
the duration of such an event. On the other hand, long, mul-
tiyear campaigns allows to gather of the order of hundred of
hours (see e.g. ∼ 140h observations of M82 by VERITAS Ac-
ciari et al. (2009) or ∼ 160h observations of Segue by MAGIC
Aleksić et al. (2013a)). In Fig. 18, using the γ and background
rates from Table 3, we show how the sensitivity of the MAGIC
telescopes depends on the observation time for a few values
of energy threshold. For those exemplary calculations we use
the Li&Ma definition of sensitivity with typical value of 3 Off
positions for background estimation. In the medium range of
observation times the sensitivity follows the usual ∝ 1/

√
time

dependence. For very short observation times, especially for
higher energies where the γ/hadron separation is very power-
ful, the limitting condition of at least 10 excess events leads to
a dependence of ∝ 1/time. On the other hand, for very long
observations the sensitivity saturates at low energies. Note that
the observation time at which the sensitivity saturates might be
shifted by using stronger cuts, offering better γ to background
rate, however at the price of increased threshold.

4.8. Off-axis performance
Most of the observations of the MAGIC telescopes are per-

formed in the wobble mode with the source at an offset of 0.4◦
from the camera center. However in the case of micro-scans
of objects with size known from observations at lower energies
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Figure 19: Top panel: integral sensitivity above 290GeV for the observation
at low zenith angle sources at different offsets from the center of the camera.
Bottom panel: corresponding γ-ray rates. Black points: data from before the
upgrade (Aleksić et al., 2012a), Red points: current data (see Table 1)

5.1. Background subtraction

Due to dead pixels and stars in the field of view of the tele-
scopes, a small inhomogenuity can occur in the distribution of
the events on the camera In addition, the stereo trigger of just
two telescopes produces a natural inhomogeneity with the dis-
tribution of events slightly dependent on the position of the sec-
ond telescope. This effect was especially visible in the case of
the MAGIC observations before the upgrade, as the trigger in
the old MAGIC-I camera covered only about one third of the
camera. Both of these effects resulted in slight rotational asym-
metry of the camera acceptance. The effect was minimized with
the help of wobbling between ON and OFF positions for nor-
mal observations. For observations of serendipidious sources
background matching could have been improved by normaliza-
tion in the off-signal region of the θ2 distributions and/or usage
of special procedure for finding a proper region in the camera
to estimate the background (the so-called OFF-from-wobble-
partner method) (Zanin et al., 2013). Before the upgrade the
systematic uncertainity of the background determination was
! 2% Aleksić et al. (2012a). Due to the larger trigger region

Source extension radius [degree]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1
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 cut efficiencyΓ

background cut efficiency

spoiling factor

Figure 20: Dashed line: dependence of the amount of background integrated
up to a cut determined by Eq. 3 as the function of the radius of the source,
normalized to a background of point like source Dotted line: fraction of the
total γ events contained within the cut Solid line: sensitivity for an extended
source divided by sensitivity for a point like source.

this uncertainty has been reduced to ! 1%.
Note that the effect of background uncertainty is different

for different strengts of the source. In case of a strong source
where signal" background it is negligible. However for a very
weak, low energy source, with signal being only 5% of the
background, the part of the systematic error on the flux nor-
malization just from the uncertainty of the background can be
up to 20%. Moreover as the error will be energy dependent it
might lead to an additional uncertainty in the spectral index.
Let us consider a hypothetical weak source with a spectrum re-
constructed between Emin and Emax. The signal to background
ratio of this source is SBRLE and SBRHE in the energy range
Emin − sqrtEminEmax and sqrtEminEmax − Emax respectively. In
this case we can roughly estimate the systematic uncertainty on
the spectral index due to background inhomogenuity as:

∆αSBR = 2 ×
!

(1%/SBRLE)2 + (1%/SBRHE)2
ln(Emax/Emin)

, (4)

where the 1% comes from the precision at which the back-
ground is estimated. Note that this formula was already used
e.g. in Aleksić et al. (2013b, 2012b), however with a larger
value of background uncertainty. For a strong source observed
in a broad energy range Eq. 4 gives a negligible number, e.g.
for source observed between 0.08-6TeV with a SBR of 25-
60% ∆αSBR = 0.02. However for a weak source, e.g. ob-
served between 0.1 and 0.6 TeV with SBR = 6-15% we obtain
∆αSBR = 0.2, increasing the total systematic error on the spec-
tral index from 0.15 to 0.25.

5.2. Pointing accuracy
During the observations the gravitational loads lead to a

slight deformation of the telescopes structure and sagging of
the camera. Most of the effect is corrected by the active mirror
control and simultaneous observations of reference stars and the
telescope’s camera position by a small CCD camera. However
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10 years of improvements

AMSTERDAM 2014-06-2411

INTRODUC FUTURE & SUMMARY
STATUS AND RECENT RESULTS OF THE MAGIC CHERENKOV TELESCOPES

HIGHLIGHTSUPGRADE

Mono (2005): MAGIC-1, 577 pixels, 300 MSamples/s  

Mono Mux (2008): MAGIC-1, 577 pixels, 2 GSamples/s 

Stereo (2010): Stereo system, 577 pixels MUX readout + 1039 pixels DRS2 readout 

Stereo upgraded (2013): Stereo system, 2 × 1039 pixels DRS4 readout



Highlights
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MAGIC has collected 160 h of stereo data in Segue-1 (JCAP 02 
(2014) 008) deepest observation of a dSph by an IACT 
Full likelihood method optimised to recognised spectral features like 
those expected from DM annihilation and decay 
Computed limits for spectral features from secondary gamma-rays 
expected from decay into bb, tt, µ+µ-, τ+τ-, W+ W- and ZZ as well as 
from gamma-ray lines, etc.

Dark Matter searches
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� ! µ+µ�� ! bb̄
More details on Segue-1 results in talk by 

J. Rico “Optimized dark matter searches in 

deep observations of Segue 1 with MAGIC” 
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Discovered at VHE on Fermi data (Neronov, 
A., Semikoz, D., & Vovk, I.2010, A&A, 519) 
and MAGIC (ApJ, 723 (2010) L207) 

Same field of view as the radiogalaxy 
NGC1275 (also discovered by MAGIC) 

IC 310 showed day to day variability in 
2011(A&A 563 (2014) A91)

IC 310
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NGC 1275 

IC 310 

During flare in 2012 variability was observed with a timescale of 9.5±1.9 min and large 
amplitude flickering where flux was doubling in timescales of ~1 min

MAGIC Collaboration 
Submitted

~10 min gaussian variability 

~1 min flickering 

preliminary 

1 crab 

5 crabs 

J. Aleksić et al.,(MAGIC Coll.), A&A. 541, 99 (2012)"
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For a 2×108 M⊙ BH, 1 minute time corresponds to 
25% of the of the event horizon light-crossing-time 
Similar fast variability has been found in VHE Blazars 
like Mrk 501 or PKS2155-304 but Blazars have 
Doppler factors of ~10. IC 310 could have a Doppler 
factor of 3 – 4 with the jet at 10˚-20˚ from the line of 
sight. Intrinsic variability is much shorter in IC 310 
Emission seen by MAGIC hard to explain by models:

IC 310
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Shocks in the Jet? But difficult to explain the  
25% event horizon light-crossing-time measured 

Minijets in the Jet pointing towards the line of sight? But would make 
luminosity of IC 310 huge 

Jets crossing dense matter clouds or stars? But crossing and pp cooling 
times are typically longer)

Blazars  <~5˚ 
along the jet

Radiogalaxies 
IC 310: 10˚ — 20˚
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Shocks in the Jet? But difficult to explain the  
25% event horizon light-crossing-time measured 

Minijets in the Jet pointing towards the line of sight? But would make 
luminosity of IC 310 huge 

Jets crossing dense matter clouds or stars? But crossing and pp cooling 
times are typically longer)

Blazars  <~5˚ 
along the jet

Radiogalaxies 
IC 310: 10˚ — 20˚

More results on FSRQ detected by MAGIC 

in talk by E. Lindfors “Very High Energy 

Gamma-rays from Flat Spectrum Radio 

Quasars” in this session

Blazars sources on in talk by A. Furniss 

“Very High Energy Blazars and the Potential 

for Cosmological Insigh” today

More details on IC 310 in talk by  

K. Mannheim “Radio galaxies and their 

central machine” today
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MAGIC discovered VHE emission from 
the Crab pulsar above 25 GeV (Science 
2008)

Crab Pulsar

AMSTERDAM 2014-06-2420

FUTURE & SUMMARY
STATUS AND RECENT RESULTS OF THE MAGIC CHERENKOV TELESCOPES

HIGHLIGHTSUPGRADEINTRODUC

Radio, optical, X:  
Produced near the star (<~10 km 
height) at the polar cap. 
Luminosity <1% Pulsar spindown power 

A wind of ~MeV electrons flows away 
from the star and eventually develops 
into a “pulsar wind nebula”. 
Particle Luminosity ~10% spindown 
power 

>100 MeV gammas (Fermi, IACTs): 
Produced near the light cylinder (~1000 
km height) at the outer gaps. 
Luminosity ~10% spindown power 

We know today that emission extends 
above 100 GeV up to 400 GeV 
(VERITAS, Science 2011 and MAGIC 
A&A 2012) 
More recently MAGIC has discovered 
that the bridge emission itself extends 
above 100  GeV (MAGIC 2014)

J. Aleksić et al.,(MAGIC Coll.), A&A. 541, 99 (2012)"
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Different models could explain this emission: 
Aharonian et al. (Nature 2012) explain the 
emission by production of gammas ray in the 
wind region. Bridge is predicted but peaks 
should be broader 

Hirotani K. (ApJ, 733, L49, ApJ, 766, 98) 
proposes production of gamma rays in the 
magnetosphere in an outer gap. Bridge 
emission can be explained with toroidal 
component of B field

Crab Pulsar
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J. Aleksić et al.: Detection of bridge emission above 50 GeV from the Crab pulsar with the MAGIC telescopes
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 to 100 GeV (top), from 100 to 400 GeV (middle) and for the full analyzed
energy range (bottom). The bin widths around the peaks are 4 times smaller than the rest in order to highlight the sharpness of the peaks.
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV and 100 − 300 MeV gamma rays (from
top to bottom). The light curve at 50− 400 GeV is overlaid on each plot
for comparison. The optical light curve was obtained by the MAGIC
telescope using the central pixel of the camera (Lucarelli et al. 2008).
keV and MeV light curves are from Kuiper et al. (2001). 100−300 MeV
light curve was produced using the Fermi-LAT data.

significant difference is seen between different pulse phases. The
uncertainty in the absolute energy scale is estimated as 17%,
whereas the systematic error of the flux normalization is esti-
mated to be 18%. The difference of this number from the one
given in Aleksić et al. (2012b) is mainly due to a more precise
background estimation from the off-peak region.We estimate the
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Fig. 3. P2M/P1M ratio (black markers) and BridgeE/P1M ratio (red
markers) as a function of energy. At optical energies (a few eV), the
ratios are obtained using the central pixel of MAGIC camera. From 100
eV to 100 MeV, ratios are computed based on the light curves shown in
Kuiper et al. (2001). From 100 MeV to 30 GeV, Fermi-LAT data were
used.

overall systematic uncertainty uncertainty on the spectral slope
to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks (Fig-
ure 1). The flux ratios P2M/P1M and BridgeE/P1M increase with
increasing photon energy between 100 MeV and 400 GeV (Fig-
ure 2 and 3). Between 30 GeV and 400 GeV, the fluence in the
bridge phase is comparable to the one in the P1 phase (Figure 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.
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Thanks to cumulated observation time (135 h 
2009-2013) it has been possible to find 

P1 and P2 narrow emission extending above 100 
GeV 

>6 σ bridge excess above 50 GeV  

Spectra of P1, P2 and Bridge

A&A proofs: manuscript no. draft6

Table 1. Spectral Parameters

phase F1a [10−11MeV−1cm−2s−1] Γ1
a Eca [GeV] F100b [10−11TeV−1cm−2s−1] Γ2

b

P1M 9.09 ± 0.15 1.88 ± 0.01 3.54 ± 0.14 4.18 ± 0.59 3.25 ± 0.39
P2M 3.17 ± 0.07 1.98 ± 0.01 6.88 ± 0.62 8.48 ± 0.62 3.27 ± 0.23

BridgeM 8.05 ± 0.11 1.73 ± 0.01 6.74 ± 0.34 12.2 ± 3.3 3.35 ± 0.79
BridgeE 1.04 ± 0.04 1.43 ± 0.04 6.53 ± 0.85 3.7 ± 1.1 3.51 ± 0.97

(a) Spectral parameters obtained by fitting a function F(E) = F1(E/1GeV)−Γ1 exp(E/Ec) to Fermi-LAT data between 100 MeV and 300 GeV
(b) Spectral parameters obtained by fitting a function F(E) = F100(E/100GeV)−Γ2 to MAGIC data between 50 GeV and 400 GeV
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Fig. 4. Energy spectra of Crab Nebula, P1M, P2M, BridgeM and BridgeE
measured with Fermi-LAT (below 50 GeV) and MAGIC (above 50
GeV)

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere, because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models have been the most
probable explanation of such pulsed γ-rays (Watters & Romani
2011; Harding et al. 2008; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-
tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC. But in this
scenario, the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although a synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 106 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their paper,

the observed P2/P1 ratio in VHE could be reproduced if one con-
siders an anisotropic wind.

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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Aleksić, J., Alvarez, E. A., Antonelli, L. A., et al. 2012b, Astroparticle Physics,
35, 435

Aliu, E., Anderhub, H., Antonelli, L. A., et al. 2008, Science, 322, 1221
Arka, I. & Dubus, G. 2013, A&A, 550, A101
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Bednarek, W. 2012, MNRAS, 424, 2079
Chkheidze, N., Machabeli, G., & Osmanov, Z. 2013, ApJ, 773, 143
Fierro, J. M., Michelson, P. F., Nolan, P. L., & Thompson, D. J. 1998, ApJ, 494,
734

Harding, A. K., Stern, J. V., Dyks, J., & Frackowiak, M. 2008, ApJ, 680, 1378
Hirotani, K. 2011, ApJ, 733, L49
Hirotani, K. 2013, ApJ, 766, 98
Hobbs, G. B., Edwards, R. T., & Manchester, R. N. 2006, MNRAS, 369, 655
Kuiper, L., Hermsen, W., Cusumano, G., et al. 2001, A&A, 378, 918
López Moya, M. 2006, PhD thesis, Universidad Complutense de Madrid,
https://magicold.mpp.mpg.de/publications/theses/MLopezMoya.pdf

Lucarelli, F., Barrio, J. A., Antoranz, P., et al. 2008, Nuclear Instruments and
Methods in Physics Research A, 589, 415

Lyne, A. G., Pritchard, R. S., & Graham-Smith, F. 1993, MNRAS, 265, 1003
Moralejo, A., Gaug, M., Carmona, E., et al. 2009, ArXiv e-prints
Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS, 199, 31
Nolan, P. L., Arzoumanian, Z., Bertsch, D. L., et al. 1993, ApJ, 409, 697
Takata, J., Chang, H.-K., & Shibata, S. 2008, MNRAS, 386, 748
Tang, A. P. S., Takata, J., Jia, J. J., & Cheng, K. S. 2008, ApJ, 676, 562
Venter, C., Johnson, T. J., & Harding, A. K. 2012, ApJ, 744, 34
VERITAS Collaboration, Aliu, E., Arlen, T., et al. 2011, Science, 334, 69
Watters, K. P. & Romani, R. W. 2011, ApJ, 727, 123

Article number, page 4 of 5

 Astronomy & Astrophysics, 565 (2014) L12 

 Astronomy & Astrophysics, 565 (2014) L12 



ASTROPARTICLE PHYSICS 2014 E. CARMONA

New results with 70 hours of stereo observations (2009-2011) 

Spectrum extends from 50 GeV to ~30 TeV (statistical error 5% at 100 GeV) 

In combination with FERMI-LAT provides the most precise measurement of the IC 
peak at 52.5±2.6 GeV

Crab Nebula
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Preliminary Preliminary 

About to be submitted for publication

2 Models used to fit  
the data 

Not bad agreement 
but also not fully  
 satisfactory: 

Meyer, Horns et al. predicts a too narrow IC 

Martin, Torres et al. hard to fit assuming real dependence of PWN morphology 
with energy
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Preliminary Preliminary 

About to be submitted for publication

2 Models used to fit  
the data 

Not bad agreement 
but also not fully  
 satisfactory: 

Meyer, Horns et al. predicts a too narrow IC 

Martin, Torres et al. hard to fit assuming real dependence of PWN morphology 
with energy

More details on talk by R. Zanin 

“Unprecedented results on the Crab nebula 

and pulsar with the MAGIC telescopes”
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Centered in PSR J0205+6449, a high spin-down pulsar (2% of Crab)
3c58 PWN
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X-ray morphology similar to Crab 
!

Distance estimates of 2 or 3.2 kpc and 
age estimates between 0.8 and 7 
kyears. Coincident with SN1181 
!

Until very recently only upper limits  by 
Whipple (19% Crab), MAGIC (4% 
Crab) and VERITAS (2.3% Crab) 
!

Fermi detected pulsar at E < 4 GeV, 
PWN detected up to ~100 GeV

Chandra 
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MAGIC observed for 81 hours on 
2013 and 2014 
Detected with 5.7 σ and estimated 
flux of 0.6% Crab (weakest PWN 
detected at TeV). Spectral index 2.4

3c58 PWN
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Aleksić et al.: Discovery of VHE �-ray emission from 3C 58 by MAGIC
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distribu-
tion of ✓2 for the OFF positions is also shown (grey filled his-

togram).

the black cross shows the fitted centroid of the MAGIC image
with its statistical uncertainty. The test statistics (TS) signifi-
cance, which is the LiMa significance applied on a smoothed
and modeled background estimate, is larger than 6 at the posi-
tion of the pulsar PSR J0205+6449. In green there are the con-
tour levels for the TS starting at 4 and increasing in steps of 1.
The excess of the VHE skymap was fit with a gaussian function.
The best-fit position is RA(J2000) = 2 h 05 m 31(09)stat(11)sys s
; DEC (J2000) = 64� 510(1)stat(1)sys. This position is statistically
deviated by 2� from the position of the pulsar, but is compatible
with it if systematic errors are taken into account. On the bottom
left of the image we show the point spread function (PSF) of the
smeared map at the corresponding energies, which is the result of
the sum in quadrature of the instrumental angular resolution and
the applied smearing (4.70 radius, at the analysis energy thresh-
old). The extension of the VHE source is compatible with the
instrument’s PSF. The magenta contours represent the VLA flux
at 1.4 GHz (Condon et al. 1998) starting at 0.25 Jy and increas-
ing in steps of 0.25 Jy, which are coincident with the detected
�-ray excess.

The SED for the MAGIC data assuming a steady source
is shown in Figure 3. Red circles are the VHE points re-
ported in this work. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
best fit function is drawn in red and the systematic uncertainty is
represented by the yellow shaded area. Black squares and black
arrows are taken from the Fermi-LAT second pulsar catalog re-
sults (2PC, Abdo et al. 2013), which are derived from the 3 years
of data with the Pass 7 Source class. Blue squares are taken from
the Fermi high-energy LAT catalog (1FHL, Ackermann et al.
2013), which was produced from the 3 years of accumulated
events with the Pass 7 Clean class. This event class provides
substantial reduction of residual cosmic-ray background above
10 GeV relative to Source event class adopted for 2PC, at the
expense of a slightly smaller collection area (Ackermann et al.

Fig. 2: Relative flux (excess/background) map for MAGIC ob-
servations.
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Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV (see text for details).

2012). The two �-ray spectra from 3C 58 reported in the 2PC
and 1FHL catalogs agree within statistical uncertainties. The
magenta line is the SED prediction for 3C 58 taken from Fig-
ure 10 of Bednarek & Bartosik (2003). The clear green dashed-
dotted line is the SED predicted by Tanaka & Takahara (2013)
assuming an age of 1 kyr and the dark green dotted line is the
prediction from the same paper assuming an age of 2.5 kyr. The
blue dashed line represents the SED predicted by Torres et al.
(2013) assuming that Galactic FIR background is so much as to
reach a flux detectable by MAGIC sensitivity in 50h. The inte-
gral flux above 1 TeV is F

E>1 TeV = 1.4 ⇥ 10�13cm�2s�1. Taking
into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0 ± 1.1)⇥1032

d

2
2 erg s�1 where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distribu-
tion of ✓2 for the OFF positions is also shown (grey filled his-

togram).

the black cross shows the fitted centroid of the MAGIC image
with its statistical uncertainty. The test statistics (TS) signifi-
cance, which is the LiMa significance applied on a smoothed
and modeled background estimate, is larger than 6 at the posi-
tion of the pulsar PSR J0205+6449. In green there are the con-
tour levels for the TS starting at 4 and increasing in steps of 1.
The excess of the VHE skymap was fit with a gaussian function.
The best-fit position is RA(J2000) = 2 h 05 m 31(09)stat(11)sys s
; DEC (J2000) = 64� 510(1)stat(1)sys. This position is statistically
deviated by 2� from the position of the pulsar, but is compatible
with it if systematic errors are taken into account. On the bottom
left of the image we show the point spread function (PSF) of the
smeared map at the corresponding energies, which is the result of
the sum in quadrature of the instrumental angular resolution and
the applied smearing (4.70 radius, at the analysis energy thresh-
old). The extension of the VHE source is compatible with the
instrument’s PSF. The magenta contours represent the VLA flux
at 1.4 GHz (Condon et al. 1998) starting at 0.25 Jy and increas-
ing in steps of 0.25 Jy, which are coincident with the detected
�-ray excess.

The SED for the MAGIC data assuming a steady source
is shown in Figure 3. Red circles are the VHE points re-
ported in this work. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
best fit function is drawn in red and the systematic uncertainty is
represented by the yellow shaded area. Black squares and black
arrows are taken from the Fermi-LAT second pulsar catalog re-
sults (2PC, Abdo et al. 2013), which are derived from the 3 years
of data with the Pass 7 Source class. Blue squares are taken from
the Fermi high-energy LAT catalog (1FHL, Ackermann et al.
2013), which was produced from the 3 years of accumulated
events with the Pass 7 Clean class. This event class provides
substantial reduction of residual cosmic-ray background above
10 GeV relative to Source event class adopted for 2PC, at the
expense of a slightly smaller collection area (Ackermann et al.

Fig. 2: Relative flux (excess/background) map for MAGIC ob-
servations.
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Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV (see text for details).

2012). The two �-ray spectra from 3C 58 reported in the 2PC
and 1FHL catalogs agree within statistical uncertainties. The
magenta line is the SED prediction for 3C 58 taken from Fig-
ure 10 of Bednarek & Bartosik (2003). The clear green dashed-
dotted line is the SED predicted by Tanaka & Takahara (2013)
assuming an age of 1 kyr and the dark green dotted line is the
prediction from the same paper assuming an age of 2.5 kyr. The
blue dashed line represents the SED predicted by Torres et al.
(2013) assuming that Galactic FIR background is so much as to
reach a flux detectable by MAGIC sensitivity in 50h. The inte-
gral flux above 1 TeV is F

E>1 TeV = 1.4 ⇥ 10�13cm�2s�1. Taking
into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0 ± 1.1)⇥1032

d

2
2 erg s�1 where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distribu-
tion of ✓2 for the OFF positions is also shown (grey filled his-

togram).

the black cross shows the fitted centroid of the MAGIC image
with its statistical uncertainty. The test statistics (TS) signifi-
cance, which is the LiMa significance applied on a smoothed
and modeled background estimate, is larger than 6 at the posi-
tion of the pulsar PSR J0205+6449. In green there are the con-
tour levels for the TS starting at 4 and increasing in steps of 1.
The excess of the VHE skymap was fit with a gaussian function.
The best-fit position is RA(J2000) = 2 h 05 m 31(09)stat(11)sys s
; DEC (J2000) = 64� 510(1)stat(1)sys. This position is statistically
deviated by 2� from the position of the pulsar, but is compatible
with it if systematic errors are taken into account. On the bottom
left of the image we show the point spread function (PSF) of the
smeared map at the corresponding energies, which is the result of
the sum in quadrature of the instrumental angular resolution and
the applied smearing (4.70 radius, at the analysis energy thresh-
old). The extension of the VHE source is compatible with the
instrument’s PSF. The magenta contours represent the VLA flux
at 1.4 GHz (Condon et al. 1998) starting at 0.25 Jy and increas-
ing in steps of 0.25 Jy, which are coincident with the detected
�-ray excess.

The SED for the MAGIC data assuming a steady source
is shown in Figure 3. Red circles are the VHE points re-
ported in this work. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
best fit function is drawn in red and the systematic uncertainty is
represented by the yellow shaded area. Black squares and black
arrows are taken from the Fermi-LAT second pulsar catalog re-
sults (2PC, Abdo et al. 2013), which are derived from the 3 years
of data with the Pass 7 Source class. Blue squares are taken from
the Fermi high-energy LAT catalog (1FHL, Ackermann et al.
2013), which was produced from the 3 years of accumulated
events with the Pass 7 Clean class. This event class provides
substantial reduction of residual cosmic-ray background above
10 GeV relative to Source event class adopted for 2PC, at the
expense of a slightly smaller collection area (Ackermann et al.

Fig. 2: Relative flux (excess/background) map for MAGIC ob-
servations.
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Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV (see text for details).

2012). The two �-ray spectra from 3C 58 reported in the 2PC
and 1FHL catalogs agree within statistical uncertainties. The
magenta line is the SED prediction for 3C 58 taken from Fig-
ure 10 of Bednarek & Bartosik (2003). The clear green dashed-
dotted line is the SED predicted by Tanaka & Takahara (2013)
assuming an age of 1 kyr and the dark green dotted line is the
prediction from the same paper assuming an age of 2.5 kyr. The
blue dashed line represents the SED predicted by Torres et al.
(2013) assuming that Galactic FIR background is so much as to
reach a flux detectable by MAGIC sensitivity in 50h. The inte-
gral flux above 1 TeV is F

E>1 TeV = 1.4 ⇥ 10�13cm�2s�1. Taking
into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0 ± 1.1)⇥1032

d

2
2 erg s�1 where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distribu-
tion of ✓2 for the OFF positions is also shown (grey filled his-

togram).

the black cross shows the fitted centroid of the MAGIC image
with its statistical uncertainty. The test statistics (TS) signifi-
cance, which is the LiMa significance applied on a smoothed
and modeled background estimate, is larger than 6 at the posi-
tion of the pulsar PSR J0205+6449. In green there are the con-
tour levels for the TS starting at 4 and increasing in steps of 1.
The excess of the VHE skymap was fit with a gaussian function.
The best-fit position is RA(J2000) = 2 h 05 m 31(09)stat(11)sys s
; DEC (J2000) = 64� 510(1)stat(1)sys. This position is statistically
deviated by 2� from the position of the pulsar, but is compatible
with it if systematic errors are taken into account. On the bottom
left of the image we show the point spread function (PSF) of the
smeared map at the corresponding energies, which is the result of
the sum in quadrature of the instrumental angular resolution and
the applied smearing (4.70 radius, at the analysis energy thresh-
old). The extension of the VHE source is compatible with the
instrument’s PSF. The magenta contours represent the VLA flux
at 1.4 GHz (Condon et al. 1998) starting at 0.25 Jy and increas-
ing in steps of 0.25 Jy, which are coincident with the detected
�-ray excess.

The SED for the MAGIC data assuming a steady source
is shown in Figure 3. Red circles are the VHE points re-
ported in this work. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
best fit function is drawn in red and the systematic uncertainty is
represented by the yellow shaded area. Black squares and black
arrows are taken from the Fermi-LAT second pulsar catalog re-
sults (2PC, Abdo et al. 2013), which are derived from the 3 years
of data with the Pass 7 Source class. Blue squares are taken from
the Fermi high-energy LAT catalog (1FHL, Ackermann et al.
2013), which was produced from the 3 years of accumulated
events with the Pass 7 Clean class. This event class provides
substantial reduction of residual cosmic-ray background above
10 GeV relative to Source event class adopted for 2PC, at the
expense of a slightly smaller collection area (Ackermann et al.

Fig. 2: Relative flux (excess/background) map for MAGIC ob-
servations.

Energy [GeV]
-110 1 10 210 310 410

]
-1

 s
-2

/d
E 

[T
eV

 c
m

φ
 d2 E

-1410

-1310

-1210

-1110

-1010

-910
MAGIC, this work
3C58 Fermi points (Abdo et al. 2013)
3C58 Fermi points (Ackermann et al. 2013)
3C58 SED from panel 3 of Fig. 1 in Torres et al. (2013)
3C58 SED Fig. 10 in Bednarek & Bartosik (2003)
2.5 kyr for 3C58 SED Fig. 1 in Tanaka & Takahara (2013)
1 kyr for 3C58 SED Fig. 2 in Tanaka & Takahara (2013)
Systematic uncertainty

Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV (see text for details).

2012). The two �-ray spectra from 3C 58 reported in the 2PC
and 1FHL catalogs agree within statistical uncertainties. The
magenta line is the SED prediction for 3C 58 taken from Fig-
ure 10 of Bednarek & Bartosik (2003). The clear green dashed-
dotted line is the SED predicted by Tanaka & Takahara (2013)
assuming an age of 1 kyr and the dark green dotted line is the
prediction from the same paper assuming an age of 2.5 kyr. The
blue dashed line represents the SED predicted by Torres et al.
(2013) assuming that Galactic FIR background is so much as to
reach a flux detectable by MAGIC sensitivity in 50h. The inte-
gral flux above 1 TeV is F

E>1 TeV = 1.4 ⇥ 10�13cm�2s�1. Taking
into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0 ± 1.1)⇥1032

d

2
2 erg s�1 where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distribu-
tion of ✓2 for the OFF positions is also shown (grey filled his-

togram).

the black cross shows the fitted centroid of the MAGIC image
with its statistical uncertainty. The test statistics (TS) signifi-
cance, which is the LiMa significance applied on a smoothed
and modeled background estimate, is larger than 6 at the posi-
tion of the pulsar PSR J0205+6449. In green there are the con-
tour levels for the TS starting at 4 and increasing in steps of 1.
The excess of the VHE skymap was fit with a gaussian function.
The best-fit position is RA(J2000) = 2 h 05 m 31(09)stat(11)sys s
; DEC (J2000) = 64� 510(1)stat(1)sys. This position is statistically
deviated by 2� from the position of the pulsar, but is compatible
with it if systematic errors are taken into account. On the bottom
left of the image we show the point spread function (PSF) of the
smeared map at the corresponding energies, which is the result of
the sum in quadrature of the instrumental angular resolution and
the applied smearing (4.70 radius, at the analysis energy thresh-
old). The extension of the VHE source is compatible with the
instrument’s PSF. The magenta contours represent the VLA flux
at 1.4 GHz (Condon et al. 1998) starting at 0.25 Jy and increas-
ing in steps of 0.25 Jy, which are coincident with the detected
�-ray excess.

The SED for the MAGIC data assuming a steady source
is shown in Figure 3. Red circles are the VHE points re-
ported in this work. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
best fit function is drawn in red and the systematic uncertainty is
represented by the yellow shaded area. Black squares and black
arrows are taken from the Fermi-LAT second pulsar catalog re-
sults (2PC, Abdo et al. 2013), which are derived from the 3 years
of data with the Pass 7 Source class. Blue squares are taken from
the Fermi high-energy LAT catalog (1FHL, Ackermann et al.
2013), which was produced from the 3 years of accumulated
events with the Pass 7 Clean class. This event class provides
substantial reduction of residual cosmic-ray background above
10 GeV relative to Source event class adopted for 2PC, at the
expense of a slightly smaller collection area (Ackermann et al.

Fig. 2: Relative flux (excess/background) map for MAGIC ob-
servations.
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Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV (see text for details).

2012). The two �-ray spectra from 3C 58 reported in the 2PC
and 1FHL catalogs agree within statistical uncertainties. The
magenta line is the SED prediction for 3C 58 taken from Fig-
ure 10 of Bednarek & Bartosik (2003). The clear green dashed-
dotted line is the SED predicted by Tanaka & Takahara (2013)
assuming an age of 1 kyr and the dark green dotted line is the
prediction from the same paper assuming an age of 2.5 kyr. The
blue dashed line represents the SED predicted by Torres et al.
(2013) assuming that Galactic FIR background is so much as to
reach a flux detectable by MAGIC sensitivity in 50h. The inte-
gral flux above 1 TeV is F

E>1 TeV = 1.4 ⇥ 10�13cm�2s�1. Taking
into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0 ± 1.1)⇥1032

d

2
2 erg s�1 where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
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Another hardware upgrade: SUM-trigger system is  
now installed and being tested 

Same concept used in 2008 to detect the Crab pulsar 
above 25 GeV 
Could bring stereo trigger down to 30 GeV 

MAGIC telescopes are in optimal shape to operate for 
some more years: 

Better performance than ever 
Interesting results being produced: IC 310, Crab Pulsar & Nebula, 3c58, 
Dark matter ULs, more new sources (MS1221.8+2452 on 05/2013, RBS 
0723 on 01/2014, RX J1136.5+6737 on 04/2014), … 

Observation strategy changing to include Key Observation Programs 
Expecting more exciting results in near future: Key Observation 
Programs, SUM-trigger, a GRB detection?, …
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 Picture: Daniel López, IAC

Other talks with more information about MAGIC results: 
     —J. Rico in session Dark Matter: Indirect Detection 
     —E. Lindfors in session Gamma-Ray Astrophysics: Instrument + exGal II 
     — A. Furniss in session Gamma-Ray Astrophysics: Instrument + exGal II 
     —K. Mannheim in session Gamma-Ray Astrophysics 
     —E. de Oña Wilhelmi in session Gamma-Ray Astrophysics: Galactic 
     —R. Zanin in session Gamma-Ray Astrophysics: Galactic


