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Ground-based gamma-ray astronomy is part of a new field affmental research of Astropar-
ticle Physics, that recently made spectacular discoveNesrly all important discoveries have
been made by Imaging Air Cherenkov Telescopes (IACT) whidweone to detect Cherenkov
light from extended air showers initiated by cosmic gamigsrand charged cosmic particles.
The MAGIC telescope is a new generation IACT located at Lan@alCanary Islands, Spain.
Composed by two antennas with 17 m diameter each, MAGIC igpqd with the largest optical
reflectors in the world, and it has the lowest threshold ené2§ GeV). MAGIC started opera-
tions in 2004 in the single-detector configuration, and iA2As a stereo detector. Since then, it
has discovered many new sources and classes of sourcegabattic and extragalactic. Here
some highlights from the most recent results are presented.
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1. Introduction

The Major Atmospheric Gamma Imaging Cherenkov (MAGIC)det®pe is a last generation
instrument for very high energy (VHE, conventionally ab®@ GeV [1]) y -ray observations
exploiting the Imaging Air Cherenkov technique. This kindrestrument images the Cherenkov
light produced in the cascade initiated by a particle hittime atmosphere [1].

MAGIC (Figure 1) is composed by two 17 m diameter telescopeated on the Roque de
los Muchachos Observatory, in La Palma (Spain), and it is tha largest optical reflector in the
world. MAGIC incorporates a humber of technological immments in its design and achieves
the lowest energy threshold (55 GeV with the standard trigg® GeV with a special trigger,
activated in particular conditions) among the instrumeiitss kind. The signal digitization utilizes
2GSample/s Flash ADCs.

The sensitivity for a single telescope is such that, at a feekpenergy of 300 GeV, a source
as faint as of 1.6% of the Crab Nebula can be detecteah%0 hours of observations. The
relative energy resolution above 200 GeV is below 25%; tiyeikam resolution is about 0.1 degrees.
MAGIC is also unigue among Cherenkov telescopes by its dtyaio operate under moderate
illumination (i.e., moon or twilight); this allows to incase the duty cycle.

Operating as a single telescope since 2004, MAGIC has dtstiteeo observations at the end
of 2009, with the basic parameters summarized in the foligwiable (in comparison with the
other large gamma-ray telescopes, H.E.S.S. in Namibia &RITAS in Arizona).

Instrument # Tels. Tel. Area Field of View Total A Thresh. Amgs. Sensitivity

(m?) ©) (M) (Tev) ) (% Crab)
H.E.S.S. 4 107 5 428 0.1 0.06 0.7
MAGIC 2 236 3.5 472 0.05 0.08 0.8
VERITAS 4 106 4 424 0.1 0.07 0.7

MAGIC has developed a physics program which includes topidsth fundamental physics
and astrophysics. In this paper we highlight some of the Ma@ltest contributions to Galactic
and extragalactic astrophysics, with emphasis on fundehghysics.

Figurel: The MAGIC telescopes.
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2. Highlights of Galactic observations

In this section the latest MAGIC results on Galactic astygits are reviewed. MAGIC has
discovered 4 new Galactic sources at VHE: MAGIC J0616+225¢@sitionally consistent with
the supernova remnant IC 443; the first binary source for vhariodical variability at VHE has
been evidenced, LSI +61 303 [3]; Cygnus X-1 [4]; the pulsarmfrCrab [5]. They are all likely
to indicate new classes of emitters. For some 20 other Galsatirces MAGIC has confirmed
the discovery, performing flux and morphology measuremefigsally, MAGIC has published
significant flux upper limits for interesting classes of s@mg; like, e.g, Wolf-Rayet binaries [6].

2.1 Shdl-type Supernova Remnants. Cassiopeia A and MAGIC J0616+225

MAGIC observed the shell-type supernova remnant (SNR) i@asi® A during 47 good-
quality hours, and detected a point-like source of VidEays above-250 GeV [7]. The measured
spectrum is consistent with a power law with a differentiakfat 1 TeV of (1.6£0.1g4 £0.3ys) x
1012 TeV-tcm st and a spectral index df = 2.440.2¢4 & 0.2ys. The spectrum measured
by MAGIC is consistent with that measured by HEGRA [8] 8 ydaefore for the energies above
1 TeV, i.e., where the two measurements overlap. The MAGHDIte favor a hadronic scenario
for the y-ray production, since a leptonic origin of the TeV emissiaould require low magnetic
field intensities, which are difficult to reconcile with thiggh values required to explain the rest of
the broad-band spectrum.

In addition, MAGIC has discovered a new source of ViAEays located close to the Galactic
plane, which has been named MAGIC J0616+225 [2]; this sogrepatially coincident with the
SNR IC 443. The measured enerdy) spectrum is well fitted by a power law with spectral index
of F = 3.1+ 0.3. MAGIC J0616+225 is point-like for the MAGIC spatial regtibn, and appears
to be displaced from the center of the SNR shell. The obsewiéH radiation may be due to
m° decays from the interaction between cosmic rays acceteimai€ 443 and the dense molecular
cloud.

2.2 Compact binaries: CygnusX-1and LS| +61 303

Cygnus X-1 is the best established candidate for a stellasrhéack-hole and one of the
brightest X-ray sources in the sky. MAGIC has observed iddhours along 26 different nights
between June and November 2006. The MAGIC observationsnebt@vidence (4.&r post-trial
significance) of a short-lived, intense flaring episodemm24th September 2006, in coincidence
with a high flux observed in X-rays. The detected signal isiplike. The energy spectrum fits
well extrapolations from Integral.

LS 1+61 303 is a binary system containing a main-sequencéogiather with a compact object
(neutron star or black hole), which displays periodic emisshroughout the spectrum from radio
to X-ray wavelengths. Observations with MAGIC have detaendithat this object producesrays
up to at least-4 TeV [3], and that the emission is periodically modulatedtiy orbital motion
(Prev = (26.8+0.2) d) [9]. The peak of the emission is found at orbital phasesaitcident with
the periastron.
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In a multiwavelenght campaign involving radio (VLBA, e-EYNIERLIN), X-ray (Chandra)
and TeV (MAGIC) observations [10], a hint of temporal coat@&n between the X-ray and TeV
emissions and evidence for radio/TeV non-correlation vieued.
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Figure2: Differential flux from the Crab pulsar as measured from défe detectors.

2.3 Crab Nebulaand Pulsar

The Crab Nebula is a SNR with a pulsar at its center. Crab istdmdard candle for VHE
astrophysics and as such, an important fraction of the gaten time from MAGIC and from the
other Cherenkov telescopes is devoted to this object. ThE $élirce appears point-like and its
position is consistent with that of the pulsar.

Recently, thanks to a special trigger setup, MAGIC has dedgoulsed emission coming from
the Crab pulsar above 25 GeV, with a statistical significasfd®@4 o [5]. This result has revealed
a relatively high energy cutoff, indicating that the emassbccurs far out in the magnetosphere,
hence excluding the polar-cap scenario as a plausible reegda for the high-energy origin. This
is also the first time that a pulsgdray emission is detected from a ground-based telescopke, an
opens the possibility of a detailed study of the pulsar'sgneutoff, which will help clarifying the
mechanism of high energy radiation in pulsars.

The nonpulsed emission is also very relevant, and it extapde some 100 TeV (at the limit
of the sensitivity of the Cherenkov telescopes). The padrccharacteristics of MAGIC allow
measuring the Crab energy spectrum in the continuum at l@ngess, overlapping with the Fermi
satellite (Fig. 2). This fact can permit cross-calibrat[@d] among the space-based and ground-
based detectors, which will decrease the relative energgrtainty to some 15% for the latter.

3. Highlights of extragalactic observations

MAGIC is the Cherenkov telescope with the lowest energysthoéd (and, as a consequence,
it can probe the most distant sources); it contributed tadteeovery of 8 Active Galactic Nuclei:
1ES 1218+304 [12] at= 0.182, Markarian 180 [13] a&t= 0.045, BL Lacertae [14] a = 0.069,
1ES 1011+496 [15] at = 0.212, PG 1553+113 [16] &> 0.09 (co-discovered with H.E.S.S.),
S5 0716+71 [17] at = 0.314+0.08, MAGIC J0223+430 [18] at unknown redshift, possibly co-
incident with the radio galaxy 3C66B, and last but not lebstfarthest one, 3C 279 [19], at the
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unexpectedly large redshift ai= 0.54. MAGIC has studied most of the AGN in its field of view,
often detecting new physics features.

One of the main features of the emissions by AGN is varigbituch a variability can be very
rapid, of the order of some 10 seconds or so (the typical ditieeocentral black hole can be 100
to 1000 times larger).

3.1 Blazars detected during optical outbursts

Observations triggered by high optical states of poteMidE blazars have proven very suc-
cessful with the detection of Mkn 180, 1ES 1011+496, 3C 278, r@cently S50716+71. The
observation of 1ES 1011+496 was triggered by an opticalussthin March 2007, resulting in a
6.2 o detection [15] of a flux1.58+0.32) x 10~ cm2s~! above 200 GeV. An indication for
a long-term optical-VHE correlation comes from the fact ithaspring 2007 the VHB/-ray flux
was about 40% higher than in spring 2006, when MAGIC had eleskthis blazar for the first time
without finding a significant signal.

In April 2008, the optical telescope supporting MAGIC, KM&eported a bright optical state
of the blazar S5 0716+71, triggering VHE observations wiédulted in a 6.& detection, corre-
sponding to a fluxs 10~11cm~2s~! above 400 GeV. The source was also in a high X-ray state.

3.2 Multiwavelength campaigns

For a better understanding of the emission mechanisms of ,AgBhultaneous multiwave-
length (MW) observations are essential. MW observatiof@vathe determination of spectral
energy distributions (SEDs) spanning over 15 orders of riaggm in energy. MAGIC recently
participated in MW campaigns carried out on the blazars Mkh, Mkn 501, PG 1553+113, 1ES
1218+304, 1H 1426+428, and on the radio galaxy M87. Theseamms involved the X-ray
satellites INTEGRAL, Suzaku and Swift, theray telescopes H.E.S.S., VERITAS, and MAGIC,
and other optical and radio telescopes [6].

Among the main results, a 120-hour observational campaigthe giant radio galaxy M87
in spring 2008 detected two major outbursts of gamma-rayssion, while simultaneous high
resolution radio observations of the activity of this radaaxy were performed. The increase of
the radio flux could be located from the innermost core of M@&ociated with the immediate
vicinity of the central black hole. The combined observatfins down the location of activity
during the gamma-ray outbursts and thus the site of thecfmgtcelerator [20].

4. Impact of the MAGI C results on fundamental physics

MAGIC has set upper limits on possible signals from the atatibn of Dark Matter par-
ticles [21] in channels involving high-energy photons, fioe Galactic Center and for the dwarf
Spheroidals galaxies Draco and Willman I.

The imaging and the study of the SEDs from Galactic objectdlBEIC and by H.E.S.S. and
VERITAS indicate that Galactic sources (PWN in particukng likely to generate charged cosmic
rays up to some 10 eV.

We summarize two additional subjects investigated thamidset study of AGN.
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4.1 Doesthe speed of light depend on the photon energy?

The constancy of the speed of light,is one of the postulates of the theory of relativity; it has
been extensively tested in the recent years against a fgsipendence on the photon enekyy
which is predicted, for example, by theories inspired by QQuan Gravity. At first order, such a
dependence is usually parametrized [22] as

¢ =c[1+(E/Eq)]. (4.1)

The energy scalBs; which parametrizes the scale of violation of relativity e tabove expression
is usually expressed in units of the Planck mégs~ 1.22 x 10'° GeV.

A favored way to search for such a dispersion relation is taare the arrival times of pho-
tons of different energies arriving on Earth from pulsesisfaiht astrophysical sources. The great-
est sensitivities may be expected from sources with shdsepuat large redshiftg of photons
observed over a large range of energigsay bursts (GRBs) and AGN.

MAGIC [23] has published the results of the analysis of a giane of the Mrk 501 blazar, at
z=0.034. A correlation has been observed (with a probability.6%2of coming from a statistical
fluctuation) between the photon energy and the arrival tiffige correlation isubluminal, i.e.,
the minus sign holds in Eq.(4.1) (higher energy photons efeyed) with a coefficientt /dE =
(0.030+0.012) s/GeV. Later, the Fermi/LAT detector has registered thetroesrgetic photon, at
E ~ 132 GeV, from the GRB080916C [24] at4.34, 16.5 s after the primary burst. The delays
from the GRB080916C are consistent within errors with theesanergy scale [25], although the
sources are very different as their distance is.

However, the recent results by Fermi [26] do not fit in the tixgipicture outlined above. The
most conservative conclusion is that before making angstant we need to understand better
the time/energy correlation of the photon emission at thecg Anyway, we proved that the
sensitivity of Cherenkov telescopes is such that we couldatieffects at the Planck mass scale.

4.2 Anomaliesin the propagation of gamma-rays?

The horizon of the observable Universe is expected to nagidtink in the VHE band as the
energy increases, due to the scattering of VHE photons afdraund photons permeating the
Universe, which produces electron-positron pairs [27]e Tbrresponding cross sectioryy —
e"e") peaks where the VHE photon enerByand the background photon energyare related
by € ~ (500GeV/E)eV. Therefore, for observations performed by Cherenkoesapes the
resulting cosmic opacity is dominated by the interactiothwiltraviolet/optical/infrared diffuse
background photons, usually called Extragalactic BaakggoLight (EBL), which is produced by
galaxies during the whole history of the Universe.

The absorption is usually parametrized @352, The mean free path of VHE photons
decreases like a power law from the Hubble radiudGpc around 100GeV to 1Mpc around
100TeV [28]. Thus, the observed flux is exponentially supped both at high energy and at
large distances, so that sufficiently far away sources bedwandly visible in the VHE range and
their observed spectrum should be steeper than the emited 0

Observations have not detected such a behaviour. Strodgreé comes from the observation
of 3C279 (Figure 3, left), which would be expected to be atéted by a factoe2 at the maxi-
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— — — Kneiske et al. 2002 (modified) Primack et al. (2005)
Energy Threshold of MAGIC ——— Stecker et al. (2006)
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Figure 3: Left: Gamma-ray horizon, from [19], compared to EBL moddlee dashed blue line represents
an upper EBL limit based on the MAGIC 3C 279 data, obtainecherassumption that the intrinsic spectral
index is 1.5. Limits obtained for other sources are shown lagkbarrows, most of which lie very close
to the model. The narrow blue band is the region allowed betvtbis model and a maximum possible
transparency (i.e., minimum EBL level), which comes fronflagg counts. The gray area indicates an
optical depthr > 1. The curves for = 2 andr = 5 are also shown. Right: Spectral indeys for blazars
observed in the energy ban®0eV < Eg < 2TeV with known redshift. See ref. [29] for references. For a
constant spectral inddx= 2.3 at the emitter, the predictions from the DaRMa model ardotirel between
the solid lines; the standard propagation predicts the bahdeen the dashed lines [30].

mum energies detected of about 400 GeV. Another evidencestmom the fact that one does not
observe a steepening of the SED of blazars with increasstgriies (Figure 3, right).

A possible explanation [30] requires that photons oseiliato a new Axion-Like Parlicle
(ALP) and vice-versa in the presence of cosmic magneticsfighke so-called “DaRMa scenario”);
once ALPs are produced close enough to the source, theyurdwgpeded throughout the Universe
and can convert back to photons before reaching the Earthce S\LPs do not undergo EBL
absorption, the effective photon mean free path is incokada ALP of mass« 10710 eV could
explain the observed results.

5. Conclusions

MAGIC at La Palma has discovered many new sources and claésesirces, both galactic
and extragalactic. Thanks to its low energy threshold, dhest among Cherenkov telescopes, it
can contribute to many new discoveries, also in the field ofl&mental physics. The upgrade to
stereoscopy is guaranteeing since end 2009 a further iraprent in discovery potential.
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