
©
 U

rs
 L

eu
te

ne
gg

er

Scientific highlights from the 
MAGIC gamma-ray telescopes

27th European Cosmic Ray Symposium, Nĳmegen 25-29 July 2022

J. Rico 
Institut de Física d’Altes Energies, Barcelona, Spain 

(on behalf of the MAGIC Collaboration)



Nĳmegen, July 26 2022ECRS 2022   J. Rico - MAGIC Scientific highlights 

©
 U

rs
 L

eu
te

ne
gg

er

The MAGIC telescopes

2

★ Two Cherenkov telescopes at  Roque de 
los Muchachos Observatory (La Palma, 
Spain)


★ 17 m diameter reflectors


★ Very-High-Energy (VHE) i.e.                         
E𝛾 ∈ [20 GeV-200 TeV]; ~20% resolution


★ PSF ~ 0.1º


★ Fast repositioning (<40s)

18/7/22, 12:39 Observatorio Astrofísico Roque de Los Muchachos - Google Maps

https://www.google.com/maps/place/Observatorio+Astrofísico+Roque+de+Los+Muchachos/@31.0989341,-17.1190389,6.32z/data=!4m5!3m4!1s0xc6bf074f59… 1/5

Datos del mapa ©2022 Inst. Geogr. Nacional 100 km 

Observatorio Astrofísico Roque de
Los Muchachos
4,8 605 reseñas
Observatorio

Observatorio Astrofísico Roque de Los Muchachos



Nĳmegen, July 26 2022ECRS 2022   J. Rico - MAGIC Scientific highlights 

©
 U

rs
 L

eu
te

ne
gg

er

Cumbre Vieja Eruption

Credit: N. Mang

The MAGIC telescopes
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★ 3-month covid shutdown:             
March 13 - June 18, 2020


★ 3-month volcano shutdown: 
September 19 - December 25, 2021

18/7/22, 12:39 Observatorio Astrofísico Roque de Los Muchachos - Google Maps

https://www.google.com/maps/place/Observatorio+Astrofísico+Roque+de+Los+Muchachos/@31.0989341,-17.1190389,6.32z/data=!4m5!3m4!1s0xc6bf074f59… 1/5

Datos del mapa ©2022 Inst. Geogr. Nacional 100 km 

Observatorio Astrofísico Roque de
Los Muchachos
4,8 605 reseñas
Observatorio

Observatorio Astrofísico Roque de Los Muchachos

~20 km
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The MAGIC Collaboration

★ >200 scientists


★ 30 research institutions


★ 13 countries: Armenia, Brazil, Bulgaria, Croatia, Finland, Germany, India, Italy, Japan, 
Norway, Poland, Spain and Switzerland

4

The MAGIC Collaboration
~200 scientists working in ~30 institutions from 13 countries around 
the world: Armenia, Brazil, Bulgaria, Croatia, Finland, Germany, 

India, Italy, Japan, Norway, Poland, Spain and Switzerland 

2
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MAGIC hardware: pushing down sensitivity

● Smoothly operating over 
two decades

● Stereoscopic system since 
2008

● Major upgrade of both 
cameras in 2013

● Multiple hardware 
upgrades pushing the limits 
of the instrument...

MAGIC Scientific Highlights |  18th July  | Tarek Hassan

MAGIC performance
★2004 → one telescope


★2009 → two telescopes


★2012 → major upgrade 


★Pushing limits of energy range by 
special trigger and observational 
mode
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MAGIC Collaboration: MAGIC VLZA observations of the Crab Nebula up to 100 TeV

3. Data analysis

3.1. MAGIC data analysis

The acquired data are reduced with the standard MAGIC Analy-
sis and Reconstruction Software (MARS; Zanin et al. 2013). We
first remove events detected during adverse weather conditions
and those corresponding to the known temporary hardware
issues. Due to the nature of VLZA observations, several usual
data cuts are no longer efficient. These include the presence of
the clouds in the telescope’s field of view measured with an
infrared pyrometer system (Gaug et al. 2014), and the number
of stars detected by the MAGIC star-guider cameras. The cor-
responding measurements were used to cross-check the applied
event selection. The latter was based on the cuts on the mean cur-
rents of photomultipliers, the event trigger rate, and the LIDAR
transmission at the maximum accessible range.

We use the standard MAGIC MARS routines to recon-
struct the initial direction and impact distance with respect to
the MAGIC telescopes for the recorded EAS images. These
were augmented with contemporaneous atmospheric transmis-
sion monitoring and corrections, as explained in Appendix B.5.

To reconstruct the energy of the EAS initiating particle, three
different methods were used: (a) standard MARS procedure
based on a look-up table (LUT, Aleksić et al. 2012) created from
the MAGIC Monte Carlo (MC) simulations, (b) random forest
(RF) multivariate analysis, and (c) neural network (NN) regres-
sion. The applied cosmic-ray background suppression was based
on the classification scheme implemented with both RF (Albert
et al. 2008; Aleksić et al. 2012) and NN. All these techniques
yield consistent results. To derive the results shown below, LUT
energy estimation and RF event classification techniques were
employed.

3.2. Fermi/LAT data analysis

In this work we made use of the publicly available Fermi/LAT
Pass 8 data set1. We used the Fermi Science Tools pack-
age2 v9r33p0 for data processing, retaining only the “Source”
(P8R2_SOURCE_V6) class events, registered until June 2017
within the 75� zenith angle; we did not apply the ROI-based
zenith angle cut. The photons selected from the 20� region
around the Crab Nebula position were also required to lie
within the Crab Pulsar 0.60-0.82 phase range where the neb-
ula emission dominates (Abdo et al. 2010). We did not apply
an additional gating of the Crab Nebula flares (Abdo et al.
2011; Buehler et al. 2012). These flares mostly affect the low-
energy synchrotron emission of the Nebula, and due to their
.500 MeV cut-off energy are practically undetectable above
⇠3 GeV energy, and even in the 0.3�1 GeV energy range con-
tributions of the flares to the average Nebula flux in 9 yr is
limited to 5�10% due to their short duration. The fluxes of all the
sources in the 300 MeV–510 GeV energy range in the selected
region were estimated from the joint likelihood fit. Given the
Crab Nebula brightness in the Fermi/LAT energy range, the fit-
ted model included the diffuse background components (namely
iso_P8R2_SOURCE_V6_v06.txt and gll_iem_v06.fits) and 20
brightest objects from the 3FGL catalogue (Acero et al. 2015)
within 28 degrees from the source of interest. The Crab Nebula
model itself comprised a single power law; using more complex

1 http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/
LATDataQuery.cgi
2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/

Fig. 1. MAGIC collection area, estimated for an observational sample
in the zenith angle range 70��80� with Monte Carlo simulations (see
also Mirzoyan et al. 2018), and for comparison the collection area (for
20� zenith angle observations in so-called Production 3 layout) of the
future CTA array (see Sect. 4 for details). Also shown is the MAGIC
collection area at lower zenith angles from Aleksić et al. (2016a).

multi-component models is not required with the narrow energy
bins (five per decade) used here.

4. Results

During the VLZA data taking, the low-energy threshold after
the data selection cuts quickly increases from ⇠1 TeV at zenith
angle of 70� to ⇠10 TeV when approaching 80�. The collection
area at energies above 70 TeV quickly reaches approximately
2 km2 (compared to ⇠0.1 km2 for low zenith angle observations,
Aleksić et al. 2016a), leading to an unprecedented gamma-ray
collection area.

To estimate the MAGIC performance for the acquired VLZA
data, we used a dedicated Monte Carlo simulation, describing
the MAGIC observations of gamma-ray induced air showers
in the zenith angle range 70��80�. This simulation was per-
formed with the Corsika code (Heck et al. 1998), modified to
include the MAGIC specific output. It also included the curva-
ture of the Earth’s atmosphere to properly describe the increasing
air column density during the near-horizon observations. The
rest of the simulation procedure was performed the same way
as for the lower zenith angle observations (e.g. Aleksić et al.
2016a). The resulting collection area estimated after the data
selection cuts is shown in Fig. 1. For comparison, shown is the
expected collection area of the CTA3, which is currently under
construction.

It should be noted, that despite of the increase in the collec-
tion area, MAGIC VLZA performance is impacted by the limited
reconstruction of the shower parameters, resulting from their
remoteness (&50�100 km) and correspondingly smaller image
size in the telescope camera. In the case of MAGIC, the mea-
sured images sizes are decreased to 3–4 pixels for most of the
detected showers. Though the number of excess events in our
data sample changes with energy as expected given the collection
area, we find that these small images degrade the performance
of the cosmic-ray background suppression technique we employ.
In addition we also note an approximately twofold degradation
of the energy and angular resolution, compared to observations
at small zenith angles (Aleksić et al. 2016a). Given that this is
a novel technique for IACT observations, we anticipate that a

3 Expected CTA performance can be found here: https://www.
cta-observatory.org/science/cta-performance/

A158, page 3 of 10

Acciari et al. A&A 635 (2020) A158

MAGIC hardware: pushing down sensitivity

A&A 635, A158 (2020)

Large zenith angle observations
enhance sensitivity in multi-TeV

New Sum-trigger II system
enhance low-energy performance

IEEE Transactions on Nuclear
 Science ( Vol 68, 7, 2021)

MAGIC Scientific Highlights |  18th July  | Tarek Hassan

Dazzi et al. IEEE T Nuc. Sci. 68 (2021) 7

Aleksić et al. Astropart. Phys. 72 (2016) 76

MAGIC Coll. A&A 635 (2020) A158
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Geminga pulsar
★ Detection between 15 and 75 GeV


★ P2: 6.3𝜎 detection 


★ Third known VHE pulsar               
(300 kyear, oldest one)


★ Full exploitation of MAGIC low 
energy capabilities with special 
trigger (Sum-Trigger-II)


★ Power-law extension of Fermi 
spectrum, interpreted as

✦ Inverse Compton of soft X-rays by 

electrons from NS surface


✦ Transition from curvature and IC 
radiations? Or primary synchro-
curvature emission with no IC?  
[ApJ 923 (2021) 194]

6

A&A 643, L14 (2020)

Fig. 2. SED of the second emission peak, P2, of the Geminga pulsar measured by the MAGIC telescopes (filled circles) and the Fermi-LAT (open
circles). The MAGIC spectral points were calculated by unfolding the reconstructed energy spectrum by means of the Tikhonov regularisation
method. Dashed blue line shows the forward folding fit to the MAGIC data assuming a power law and the blue-shaded area represents the 1�
confidence interval around the power-law fit. Dotted and continuous black lines represent the combined fit to MAGIC and Fermi-LAT data to a
power law with an exponential or sub-exponential cuto↵, respectively. Dotted-dashed orange line shows the P2 spectrum predicted in the stationary
outer gap model applied to Geminga for a magnetic dipole moment µ = 1.4 µd, an angle between the magnetic and the rotational axis of the star,
↵ = 30�, and an observer’s viewing angle, ⇣ = 95�.

Table 2. MAGIC SED points.

Elow E Ehi E
2dN/(dE dA dt)

12.9 16.0 20.1 (2.42 ± 0.67) ⇥ 10�11

20.1 24.8 31.1 (5.77 ± 1.79) ⇥ 10�12

31.1 38.4 48.2 (1.50 ± 0.51) ⇥ 10�12

48.2 59.5 74.8 (4.30 ± 2.50) ⇥ 10�13

Notes. The energy bin edges (Elow, Ehi), as well as their centre position,
E, are in units of GeV. SED values are in TeV cm�2 s�1.

5. Discussion

We performed a joint fit of MAGIC and Fermi-LAT spectral
points in the combined energy range, from 100 MeV to 75 GeV,
by using a power law with an exponential cut-o↵ function:

F(E) = F0 (E/E0)�� exp
⇣
�(E/Ec)�

⌘
, (1)

where E0 is the energy scale, � the spectral index, Ec the cut-
o↵ energy, and � the cut-o↵ strength. We considered two dif-
ferent cases: a pure exponential cut-o↵, � = 1, and the general
case in which the � parameter is set free. The parameters result-
ing from the fits are given in Table 3. The best fit is found for
� = 0.738±0.013. In a likelihood-ratio test versus the free expo-
nential cut-o↵ model, the pure exponential case can be rejected
with TS = �2� logL = 336.6, which, according to a chi-square
distribution with one degree of freedom, corresponds to a signif-
icance of 18.3�. Also, the sub-exponential cut-o↵ is disfavoured
by the data at the level of 3.6�, according to a goodness-of-fit
chi-square test.

In order to assess whether there is any preference for curva-
ture in the high energy tail of the spectrum, we fitted MAGIC

and Fermi-LAT spectral points above 10 GeV to a log-parabola
model, F0(E/E0)���� log(E/E0), obtaining a best-fit value for the
curvature index of � = 0.99+0.67

�0.84. We performed a likelihood-
ratio test between this model and a power law. This results in
TS = 1.7 with 1 degree of freedom, corresponding to 1.3�
against the power-law model. This shows that the log-parabola
model is not significantly preferred over the power-law one. The
power-law index derived from the joint fit, � = 5.18 ± 0.15, is
compatible with the one obtained with MAGIC data alone.

The e↵ect of systematic uncertainties on the MAGIC spec-
tral reconstruction has been studied. A 5% change in the esti-
mated energy of the events has little e↵ect in the reconstructed
spectral index (below 1%), but makes the MAGIC fluxes fluctu-
ate by up to 20%. This results from the combined e↵ect of the
softness of the Geminga spectrum and the steeply falling e↵ec-
tive collection area close to the MAGIC energy threshold. The
joint fit with Fermi-LAT data in the overlapping energy range
helps to constrain these uncertainties. To test this we introduced
a MAGIC flux scale factor, s, as a nuisance parameter in the fits.
Maximum-likelihood values of the scale parameter are always
found to be compatible with unity within the uncertainties, with
s = 0.88 ± 0.11 and s = 0.98 ± 0.14 for the sub-exponential and
the log-parabolic fits, respectively. Likelihood-ratio tests versus
a model with no scaling provide, in both cases, TS < 1.0. We
conclude that the energy calibration of MAGIC with respect to
Fermi-LAT is accurate.

6. Modelling the high-energy emission

Two main radiation processes are considered to be responsi-
ble for the gamma-ray emission detected in pulsars: synchro-
curvature radiation or Inverse Compton Scattering (ICS), or
a combination of both. The first can explain the exponential

L14, page 4 of 6

MAGIC Collaboration: Detection of the Geminga pulsar with MAGIC

Fig. 1. Geminga light curves measured by Fermi-LAT (panels a and b), and by MAGIC (panel c). For clarity, two rotation cycles are shown. The
green-shaded regions highlight the phase intervals corresponding to the P1 and P2 emission, obtained from the fits to Fermi-LAT data above 5 GeV
and 15 GeV, respectively. The phase region from which the background is estimated is shown by the grey band. These signal regions were later
applied to the analysis of MAGIC data. P2 is detected with MAGIC at a significance level of 6.25�. No significant signal is detected from P1 in
the MAGIC energy range.

spectral-spatial model. The spectral parameters for sources with
a significance higher than 5� and located within 5 deg of the cen-
tre of the ROI were left free. Also, we let the normalisation fac-
tor of the isotropic and Galactic background models free. For the
rest of the sources, all parameters were fixed to their catalogue
values. In a second step, all sources with TS < 4 were removed
from the model. For the calculation of the spectral points, we
repeated the procedure in each energy bin using a power law
with the normalisation factor free and the spectral index fixed
to 2.

4. Results

4.1. Light curves

The light curves shown in Fig. 1 are produced by phase fold-
ing Fermi-LAT photons and MAGIC events using the same pul-
sar ephemeris. The two well-known Geminga emission peaks,
P1 and P2, are clearly visible above 5 GeV in Fermi-LAT data.
At higher energies, only P2 is detected by Fermi-LAT , which
is in agreement with the high-energy light curves shown in
Ackermann et al. (2013). To characterise each peak at energies
as close as possible to the MAGIC energy range, we fit them
to symmetric Gaussian functions, using Fermi-LAT events above
5 GeV for P1 and above 15 GeV for P2. The corresponding light
curves are shown in Fig. 1, panels a and b. The phase signal
regions for the analysis of MAGIC data are then defined as the
±2� intervals around the fitted peak positions. For estimating
the background, we considered the o↵-pulse region between P2
and P1, where no emission is expected from the pulsar, starting
6� away from each peak’s centre. Table 1 summarises the signal
and background regions used for the MAGIC analysis.

The MAGIC light curve for events with reconstructed ener-
gies above 15 GeV is shown in Fig. 1, panel c. It was obtained
after applying energy-dependent gamma and hadron separation
cuts, trained on MC simulated gamma-ray showers. The number
of excess events for each emission peak and the corresponding
significances were computed using Eq. (17) in Li & Ma (1983)
and they are tabulated in Table 1. Emission from P2 is detected
with MAGIC at a significance level of 6.25�, corresponding to
2457 excess events over a scaled background of 112 018 events.

Table 1. Definition of the signal (P1, P2) and background (OFF)
regions derived from the analysis of the Fermi-LAT light curves shown
in Fig. 1.

Phase region Excess �

P1 (0.056–0.161) 116.7 0.27
P2 (0.550–0.642) 2457.3 6.25

OFF (0.700–0.950)

Notes. The last two columns refer to the number of excess events and
the significance � (following the Li&Ma definition) obtained in the
analysis of MAGIC data.

A region-independent signal test with the H-test and Z
2
10-test (de

Jager & Büsching 2010) results in 4.8� and 5.2� significances,
respectively. The analysis of MAGIC events in the phase region
of P1 does not reveal any significant signal in this energy range.

4.2. Energy spectrum

Figure 2 shows the Spectral Energy Distribution (SED) of
Geminga for P2, obtained after the analysis of Fermi-LAT (open
circles) and MAGIC data (filled circles). The spill-over e↵ect
due to the soft spectral index has been carefully taken into
account by unfolding the MAGIC energy spectrum using
the Tikhonov regularisation method (Albert et al. 2007), and
cross-checked with a forward-folding procedure. The resulting
MAGIC unfolded spectral points (filled circles in Figs. 2) are
reported in Table 2. The dashed blue line shows the forward-
folding power-law fit, F0(E/E0)��, performed on the distribu-
tion of MAGIC excess events. The blue butterfly represent the
1� statistical uncertainty confidence interval of the fit. The spec-
trum measured by MAGIC in the energy range 15�75 GeV is
well-represented by the power law, with an associated �2 =
15.27 with 15 degrees of freedom. The obtained spectrum is in
agreement with the upper limits previously reported by MAGIC
(Ahnen et al. 2016). The resulting fit parameters are reported in
Table 3. The spectral index � = 5.62 ± 0.54 (statistical errors
only) is the softest ever measured by MAGIC from any source.

L14, page 3 of 6

MAGIC Coll et al. A&A 643 (2020) L14
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RS Ophiuchi
★ RS Ophiuchi recurrent symbiotic nova


★ August 2021 outburst detected by MAGIC 


★ Proton acceleration strongly favored by fitting Fermi-
LAT + MAGIC spectra


★ Minor contribution to Galactic cosmic rays & indirect 
support to bulk CRs from SNRs


★ New type of VHE gamma-ray emitter
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Fig. 3 Gamma-ray spectrum of RS Oph observed with Fermi-LAT (empty crosses) and
MAGIC (filled circles), modeled within hadronic (left panel) or leptonic (right panel) sce-
nario. The dashed line shows the gamma rays from the ⇡

0 decay and the dotted line shows
the inverse Compton contribution of the secondary e

± pairs produced in hadronic interac-
tions. dN/dEp and dN/dEe report the shape of the proton and electron energy distributions
obtained from the fit. The bottom panel shows the fit residuals.

In contrast, it is difficult to explain the shape of the curvature of the mea-
sured spectrum between 50 MeV and 250 GeV with leptonic processes. The
leptonic model requires injection of particles that already contain a strong
break (change of particles index by 3.25 ± 0.28) in the electron energy dis-
tribution (see Fig. 3, right panel). Since the break must already be present
in the injection spectrum of particles, it cannot be explained by the cooling.
In addition, despite a more complicated particle injection model, the descrip-
tion of the gamma-ray emission in the electron scenario is significantly worse
(�2

/Ndof = 27.5/11, p-value = 3.9⇥10�3 ) than in the case of protons, as can
be seen in Fig. 3. The relative likelihood of the electron model with respect to
the proton model for �AIC= 15.3, as defined within the Akaike information
criterion framework [21], which is normally used for comparison of non-nested
models, is 4.7⇥ 10�4.

Despite their intense emission of gamma rays, accelerated protons will even-
tually escape the nova shock carrying away most of their obtained energy. Such
protons can contribute to the Galactic Cosmic Rays (CR), which are expected
to be produced mainly in supernova remnants [22]. The measurement of the
proton spectrum required to explain the gamma-ray emission of RS Oph can
be used to put estimates on novae contribution to CR. Using the CR ener-
getics derived for RS Oph (⇠ 4.4 ⇥ 1043 erg, see Section C.2), a rate of 100
novae per year would lead to about 0.2% of the CR energy contribution from
supernovae, which are more rare than novae (⇠ 2 per century) but much more
energetic (⇠ 1050 erg). Despite the small contribution to the overall CR sea, a
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Fig. 3 Gamma-ray spectrum of RS Oph observed with Fermi-LAT (empty crosses) and
MAGIC (filled circles), modeled within hadronic (left panel) or leptonic (right panel) sce-
nario. The dashed line shows the gamma rays from the ⇡

0 decay and the dotted line shows
the inverse Compton contribution of the secondary e

± pairs produced in hadronic interac-
tions. dN/dEp and dN/dEe report the shape of the proton and electron energy distributions
obtained from the fit. The bottom panel shows the fit residuals.

In contrast, it is difficult to explain the shape of the curvature of the mea-
sured spectrum between 50 MeV and 250 GeV with leptonic processes. The
leptonic model requires injection of particles that already contain a strong
break (change of particles index by 3.25 ± 0.28) in the electron energy dis-
tribution (see Fig. 3, right panel). Since the break must already be present
in the injection spectrum of particles, it cannot be explained by the cooling.
In addition, despite a more complicated particle injection model, the descrip-
tion of the gamma-ray emission in the electron scenario is significantly worse
(�2

/Ndof = 27.5/11, p-value = 3.9⇥10�3 ) than in the case of protons, as can
be seen in Fig. 3. The relative likelihood of the electron model with respect to
the proton model for �AIC= 15.3, as defined within the Akaike information
criterion framework [21], which is normally used for comparison of non-nested
models, is 4.7⇥ 10�4.

Despite their intense emission of gamma rays, accelerated protons will even-
tually escape the nova shock carrying away most of their obtained energy. Such
protons can contribute to the Galactic Cosmic Rays (CR), which are expected
to be produced mainly in supernova remnants [22]. The measurement of the
proton spectrum required to explain the gamma-ray emission of RS Oph can
be used to put estimates on novae contribution to CR. Using the CR ener-
getics derived for RS Oph (⇠ 4.4 ⇥ 1043 erg, see Section C.2), a rate of 100
novae per year would lead to about 0.2% of the CR energy contribution from
supernovae, which are more rare than novae (⇠ 2 per century) but much more
energetic (⇠ 1050 erg). Despite the small contribution to the overall CR sea, a
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4 Gamma rays reveal proton acceleration in thermonuclear novae explosions
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Fig. 2 Schematic representation of RS Oph during an outburst. A photosphere (yellow
circle) surrounds the White Dwarf (WD, white small circle). Its companion star, a red giant
(RG, red circle) emits a slow wind (red arrows). Ejecta of the nova explosion (gray arrows)
propagate into the surrounding medium causing a shock wave encompassing the binary
system (gray dashed line). In the shock wave, energetic electrons and protons (magenta and
green wavy lines, respectively) are trapped by a magnetic field and accelerated. Gamma
rays (white arrows) are produced by either electrons scattering the thermal radiation of the
photosphere (yellow arrow) or by protons interacting with the surrounding matter (gray and
red dots).

mild cooling by proton-proton interactions with time scale of tpp = 21(np/6⇥
108 cm�3)�1 [days], where np is the number density of the target material.
Electrons in nova shocks suffer stronger inverse Compton energy losses with
tIC = (0.044 + 4.4 ⇥ 10�3(E/300GeV)�1)[days]. Therefore, the production
of high energy photons via leptonic mechanisms is much more demanding on
the acceleration processes efficiency than for proton models. The simultaneous
acceleration of both types of particles (but reaching different energies) has also
been proposed [13, 20]. We estimate that Bremsstrahlung is negligible with
respect to inverse Compton component for the parameters of RS Oph (see
Section C).

Based on the optical observations of RS Oph during the 2021 outburst, and
the derived parameters from previous outbursts of the source, we model the
gamma-ray emission with the injection of a population of relativistic electrons
or protons (see Section C). The Fermi -LAT and MAGIC measurement can be
well described (�2

/Ndof = 13.1/12, p-value = 0.36) with the proton-only model
(see left panel of Fig. 3). The fit yields a canonical power-law spectrum with an
index ⇠ �2 and an exponential cut-off, corresponding to the maximum energies
achieved in the acceleration. The day-by-day modeling shows evidence that
the energy cut-off of protons increases with time (see Section C.5). This goes
in line with absence of spectral signatures from cooling terms. The associated
neutrino emission is not expected to be detected by the current experiments
(see Section C.4).
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Fig. 14 The maximum energy of protons obtained from the theoretical model fits to the
daily gamma-ray emission (points) shown in Fig. 13. Red and green line show, respectively,
the scenario of proportional increase and constant value of maximum energy.
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M87: a broad MWL view

★ Broadband coordinated observations in 2017 during 
quiescent state (19 facilities in 15 decades of energy)


★ Cannot be modeled by single zone


★ Structured jet and time dependence are key

8

Alexander Hahn MWL view of M87 6

● Resolved structures from radio to X-rays

● Straight, highly collimated jet

● Limb brightening, parabolic collimation 

profile

● Southern jet limb brighter than northern

● VLBA and GMVA: inner jet significantly 

offset from large scale jet

(long-term periodic oscillations, Walker 

et al. 2018a)

● Core shift between 22 and 43 GHz

Spectral index map show typical AGN jet 

(flat-spectrum radio core which 

progressively becomes optically thin)

● No component ejection detected

EHT-MWL
2017 images

Image Credit: The EHT Multi-Wavelength Science Working Group; the EHT Collaboration; ALMA (ESO/NAOJ/NRAO); the EVN; the EAVN Collaboration; VLBA (NRAO); the GMVA; the Hubble Space 
Telescope, the Neil Gehrels Swift Observatory; the Chandra X-ray Observatory; the Nuclear Spectroscopic Telescope Array; the Fermi-LAT Collaboration; the H.E.S.S. collaboration; the MAGIC 
collaboration; the VERITAS collaboration; NASA and ESA. Composition by J.C. Algaba.

Alexander Hahn MWL view of M87 7

● MWL SED of the M87 core
(in quiescent state)

● Near simultaneous data

● Spatial resolution of 
instruments ranging 

20 µas – 2°

EHT-MWL
2017 SED

Alexander Hahn MWL view of M87 8

Model 1:
● EHT oriented models

(hard constrain on emission region size)

● δ=1, bulk motion of emission region has 

likely not yet reached relativistic speed

– 1a) PL w/ rad. cooling (Kino) ▬

- uses parameters from MAGIC+20

– 1b) broken PL w/o rad. cooling

    (Kawashima) ▬

- does not well reproduce X-ray shape

– Main difference in IR

● X-ray only by synchrotron
● Problematic in γ-rays
● GeV, TeV from more extended region

EHT MWL
2017 single-zone models

Alexander Hahn MWL view of M87 9

Model 2 - VHE oriented model:

● Assume a sphere, radius R moving with bulk Lorentz factor 

Γ
j
. Power divided between rel. electrons, non-rel. protons 

and a global magnetic field.

● Assume one cold proton per electron (no positrons), and 

that the eDF is described by a power-law with slope p
2
 

between Lorentz factors γ
min

 and γ
max

.

● Assign the index to p
2
 to allow better comparison to model 

1b, as our steeper distribution is likely in the radiatively 

cooled regime, although we do not calculate γ
br
 explicitly.

● Modeling of X-ray emission in detector space to disentangle 

various jet and ICM components

● Without the strong EHT size constraint (1a/1b), model 

parameters are highly degenerate.

● Model 2 cannot fit the radio-mm VLBI core nor the VHE 

emission especially in the GeV range

EHT MWL
2017 single-zone models
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TXS 0506+056
★ First evidence for an 

electromagnetic counterpart (flaring 
blazar, z=0.34) of a neutrino source


★ 3𝜎 association of a high-energy 
(290 TeV) neutrino with a high-
energy (90-400 GeV) gamma-ray 
source (MAGIC)


★ Multi-messenger SED


★ Deep monitoring (120h, 2017-2021) 
with MAGIC reveals several flares 
compatible with no further neutrino 
detection [Acciari et al. Astroph. 
J. 927 (2022) 197]

9

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7!0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z # 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm $ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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GRB 190114C
★ Long gamma-ray burst (T90 = 361s) 


★ First detection of VHE emission 
from GRB (>50𝜎)


✦ MAGIC observation started at 
T0+50s 


✦ Brightest VHE source ever          
→ 100×Crab


✦ Emission above 100 GeV strongly 
absorbed by interaction with 
extragalactic background light


★ Exhaustive MWL coverage

✦ Synchrotron emission excluded, 

SSC favored

10
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but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of !m, 
placing it in the X-ray band at about 102!s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig.!3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig.!2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110!s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1!GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4!GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2!TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig.!1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t!"!100!s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100!GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t!<!2,400!s and 
energies above >1!keV.

The soft spectra in the 0.2–1-TeV energy range (photon index "TeV!<!#2; 
see Extended Data Table!1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E $ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (#!$!2!%!103). This value is hard to reconcile with the 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to &-rays, versus time after the BAT trigger, at 
T0!=!20:57:03.19 universal time ('() on 14 January 2019. The light curve for the 
energy range 0.3–1!TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1$ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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used for the first time interval (68–110!s).
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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal !–! absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table"1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100"s.

An example of the theoretical modelling in this scenario is shown 
in Fig."3 (blue solid curve; see"Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek"#"3"$"1053"erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction !e"%"0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p"%"2.4–2.6, an injection 
Lorentz factor of "m"="(0.8–2)"$"104 and a maximum Lorentz factor of 
"max"%"108 (at about 100"s). The magnetic field behind the shock conveys 
a fraction !B"%"(0.05–1)"$"10&3 of the dissipated energy. At t"%"100"s, cor-
responding to a distance from the central engine of R"%"(8–20)"$"1016"cm, 
the density of the external medium is n"%"0.5–5"cm&3 and the magnetic 
field strength is B"%"0.5–5"G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that !e"'"!B, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5"$"1052"erg and around 6.0"$"1051"erg, 
respectively, in the time interval 68–110"s, and about 1.3"$"1052"erg and 
around 5.4"$"1051"erg, respectively, in the time interval 110–180"s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is"similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110!s and 
110–180!s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal !–! 
opacity is neglected. The adopted parameters are: s"="0, !e"="0.07, !B"="8"$"10&5, 
p"="2.6, n0"="0.5 and Ek"="8"$"1053"erg; see"Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig."2.
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Other GRB detections

★ 3𝜎 hint of detection for short gamma-ray burst GRB160821B


✦ Emission difficult to explain with one-zone synchrotron-self-Compton models


★ GRB 201216C detected with high (>5𝜎) significance -> Stay tuned for publication


★ The firm detection of GRB190114 have opened the can for almost routine GRB 
detections (4.5 detections so far by MAGIC and HESS)

11

Transient: Gamma Rays Bursts 

 3 sigma signal for short Gamma-Ray Burst GRB 160821B 
Putative VHE Gamma-ray emission difficult to explain with simple one-zone models of 

synchrotron-self-Compton emission 

GRB 201216C detection above 5 sigmas

Since GRB 190114C, several signal of VHE emission from GRBs reported

MAGIC et al, APJ,  908, 2021

GRB 160821B

Transient: Gamma Rays Bursts 

 3 sigma signal for short Gamma-Ray Burst GRB 160821B 
Putative VHE Gamma-ray emission difficult to explain with simple one-zone models of 

synchrotron-self-Compton emission 

GRB 201216C detection above 5 sigmas

Since GRB 190114C, several signal of VHE emission from GRBs reported

MAGIC et al, APJ,  908, 2021

GRB 160821B
Acciari et al. ApJ 908 (2021) 90
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LIV in GRBs

★ No dependence of observed 
light curve on energy for VHE 
gamma rays


★ No correlation of photon 
arrival time with gamma-ray 
energy


★ Derive limits to quantum 
gravity scale

✦ Competitive for the 

quadratic leading order even 
for a featureless light curve

12

Article

Extended Data Fig. 7 | Modelling of broadband light curves. Modelling 
results of forward shock emission are compared to observations at different 
frequencies (see key). The model shown with solid and dashed lines is 
optimized to describe the high-energy radiation (teraelectronvolt, 
gigaelectronvolt and X-ray) and has been obtained with the following 
parameters: s!=!0, !e!=!0.07, !B!=!8!"!10#5, p!=!2.6, n0!=!0.5 and Ek!=!8!"!1053!erg. Solid 
lines show the total flux (synchrotron and SSC) and the dashed line refers to the 

SSC contribution only. Dotted curves correspond to a better modelling of 
observations at lower frequencies, but fail to explain the behaviour of the 
teraelectronvolt light curve; they are obtained with the following model 
parameters: s!=!2, !e!=!0.6, !B!=!10#4, p!=!2.4, A.!=!0.1 and Ek!=!4!"!1053!erg. Vertical 
bars on the data points show the 1" errors on the flux, and horizontal bars 
represent the duration of the observation.

Acciari et al. Phys. Rev. Lett. 125 (2020) 021301

6

TABLE I: Values of the 95% lower (LL) and upper
(UL) limits and the best fits (BF) obtained for !n using
the theoretical intrinsic LC model, after applying bias
correction and CI calibration. Only upper limits can be
set with the minimal approach (see text). Values are
reported for the linear (n = 1) and quadratic (n = 2)

cases.

LC Minimal
Theoretical ([19])

model (step function)
!UL !LL !BF !UL

!1 4.4 -2.2 0.3 2.1
!2 2.8 -4.8 1.3 3.7

subl. superl. subl.
EQG,1 [10

19 GeV] 0.28 0.55 0.58
EQG,2 [10

10 GeV] 7.3 5.6 6.3

dependent delay in arrival time of the most energetic
photons, testing in vacuo dispersion relations of VHE
photons. We assumed two di!erent models for the
LC: minimal and theoretical, described in detail in the
maximum likelihood analysis section. In both cases,
our results are compatible with the null hypothesis
of no time delay. We set lower limits on LIV en-
ergy scale. Our results for the linear modification of
the photon dispersion relation EQG,1 > 0.58! 1019GeV
(EQG,1 > 0.55! 1019GeV) for the subluminal (superlu-
minal) case are approximately a factor 4 (7) below the
most constraining lower limits on EQG,1 obtained from
TOF method on GRB090510 [10]. This is expected be-
cause of a significantly larger distance of GRB090510
(z = 0.9, compared to 0.4245 of GRB190114C), as
well as a shorter variability timescale, since Fermi-LAT
observations of GRB090510 include a full coverage of
the emission. In the quadratic case, the analysis is
more sensitive to the highest photon energies in the
data sample (estimated Emax = 1955GeV, compared to
Emax = 31GeV for GRB090510 [10]). As a result, our
lower limits on the energy scale EQG,2 > 6.3! 1010GeV
(EQG,2 > 5.6! 1010GeV) for the subluminal (superlumi-
nal) case are more constraining than the ones in [10]. At
the same time, our results are comparable to the ones
from [12]. GRB190114C is at redshift more than one or-

der of magnitude higher than Mrk 501; however, the mea-
sured spectrum of Mrk 501 reaches an order of magnitude
higher energies [12], resulting in comparable sensitivities.
It is worth noting that MAGIC observed a featureless af-
terglow phase of the GRB190114C, limiting the sensitiv-
ity of our LIV analysis. We are looking forward to VHE
observations of an expectedly feature-rich GRB prompt
phase, which would enhance the analysis sensitivity to
LIV e!ects.
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On January 14, 2019, the Major Atmospheric Gamma Imaging Cherenkov telescopes detected
GRB190114C above 0.2 TeV, recording the most energetic photons ever observed from a gamma-
ray burst. We use this unique observation to probe an energy dependence of the speed of light in
vacuo for photons as predicted by several quantum gravity models. Based on a set of assumptions
on the possible intrinsic spectral and temporal evolution, we obtain competitive lower limits on the
quadratic leading order of speed of light modification.

Introduction.— Quantum theory and gravity are
expected to merge at around the Planck energy
(EPl ! 1.22" 1019GeV) into a joint, yet unknown the-
ory of quantum gravity (QG). Some candidate theories
predict a violation or deformation of the Lorentz sym-
metry, also known as Lorentz invariance violation (LIV,
[1–7]). Minuscule e!ects of LIV could already be visible
at energies much lower than EPl. One of the manifes-
tations of LIV can be parametrized as energy-dependent
corrections to the in vacuo photon dispersion relation

E2 # p2 "

!

1$
!
"

n=1

s

#

E

EQG,n

$n
%

, (1)

where E and p are the energy and momentum of the pho-
ton, respectively, EQG,n represents the QG energy scale,
and s is a theory-dependent factor assuming values +1
or $1. One of the consequences of a modified dispersion
relation is an energy-dependent photon group velocity

v! # 1$
!
"

n=1

s
n+ 1

2

#

E

EQG,n

$n

, (2)

which can be subluminal or superluminal, for s = +1 or
s = $1, respectively. This results in an energy-dependent
time delay between photons. Taking into account only
the leading LIV correction of order n, the time delay
between photons of energy di!erence "E is

"t = s
n+ 1

2
Dn(z)

#

"E

EQG,n

$n

, (3)
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where, in setting bounds on LIV, we neglect other poten-
tial energy-dependent time delays due to, e.g., the intrin-
sic emission properties of the source, or massive photons.
A modified dispersion relation would also have an e!ect
on the !-! pair-production cross section, and thus on the
absorption of ! rays [8]. However, in this study we focus
on investigating e!ects on the time of flight (TOF) only.
The LIV parameters

"1 = sEPl/EQG,1 (4)

and

"2 = 10"16 " sE2
Pl/E

2
QG,2, (5)

for linear (n = 1) and quadratic (n = 2) modification, re-
spectively, are often introduced in Eq. (3) for practicality.
The information on the comoving distance between the
source and the detector is included in Dn(z) [9]

Dn(z) =
1

H0

& z

0

(1 + #)n
'

#! + (1 + #)3#m

d#, (6)

where #!, H0, and #m denote the cosmological constant,
the Hubble parameter and the matter fraction, respec-
tively. In this Letter, we use H0 = 70 kms"1Mpc"1,
#! = 0.7, and #m = 0.3. The systematic e!ect intro-
duced by these relatively coarse values and their varia-
tions is negligible compared to the sensitivity of our anal-
ysis.
To date, the most stringent lower limits on the QG

energy scale, resulting from TOF studies, were set
using the observation of GRB090510 with the Large
Area Telescope (LAT) on board the Fermi satellite
for the linear case, and observations of active galac-
tic nucleus Mrk 501 with the H.E.S.S. telescopes for
the quadratic case. The values for the sublumi-
nal (superluminal) scenario are EQG,1 > 2.2" 1019 GeV
(EQG,1 > 3.9" 1019GeV) [10] (although the analysis

MAGIC Coll. et al. Nature 575 (2019) 459
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Dark matter gamma-ray lines

★ 220 h observations of the Galactic Center region


★ High zenith angle observations to increase the maximum dark matter mass (100 TeV)


★ Competitive limits for cusp and cored DM distribution


★ Excluding/tensioning specific DM models

13
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Comparison with the literature
No significant excess: 0.9 TeV - 100 TeV 
・Einasto : the best limits > 20 TeV 
・cored : compe//ve with dSph results
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Constraints on SUSY-Wino
- Constraints on SUSY-Wino with 4 DM profiles 

- cuspy :  
- < 4 - 10 TeV and 20 TeV 

- cored  
- < 2.7 - 2.8 TeV 

Preliminary

The first ,me to constrain  
SUSY-wino DM with both 
cuspy and cored profiles!
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Combined DM search
★ Stack likelihood functions of 20 dwarf satellite 

galaxies by 5 gamma-ray telescopes (Fermi-
LAT, MAGIC, HESS, VERITAS, HAWC)


★ Combined limits:

✦ Wide mass range: [5 GeV — 100 TeV] 


✦ Coherent statistical treatment, easy to 
compare


✦ up to 2-3 times more constraining


★ Extension to neutrinos ongoing…!
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arrival direction present in the signal region, or J. One standard technique to eliminate the nuisance
parameters when making statements about a is using the profile likelihood ratio test:

lP(a |D) =
L(a; ˆ̂n |D)
L(â; n̂ |D)

, (12)

where â and n̂ are the values maximizing L, and ˆ̂n the value that maximizes L for a given a. According to
Wilks’ theorem �2 ln lP(a) is distributed, when a are the true values, as a c2 distribution with number
of degrees of freedom equal to the number of components of a, independent of the value of n. It is
an extended practice in indirect dark matter searches with gamma rays to decrease the n-dimensional
vector a of free parameters to a one-dimensional quantity a, by considering that gamma-ray production
is dominated either by annihilation (a = hsvi, i.e., the velocity-averaged annihilation cross section) or
by decay (a = t�1

c , i.e., the decay rate), and scanning over values of the dark matter particle mass (mc)
and pure annihilation/decay channels (i.e., considering at each iteration 100% branching ratio to one
of the possible SM particle pairs). For each scanned combination, Equation (11) reduces to a likelihood
function of just one purely free (i.e., non-nuisance) parameter. In such a case, for instance, 1-sided 95%
confidence level upper limits to a are taken as aUL95 = a2.71, with a2.71 found by solving the equation
�2 ln lP(a2.71) = 2.71.

The data D can refer to NdSph different dSphs, in which case it is convenient to write the joint
likelihood function as:

L(a; n|D) =
NdSph

’
l=1

Lg(aJl ; µl |Dgl ) · LJ(Jl |D Jl ) , (13)

where we have factorized the joint likelihood into the partial likelihood functions corresponding to each
dwarf, and those subsequently into the parts corresponding to the gamma-ray observations (Lg) and
J-factor measurement (LJ), respectively; Jl is the total J-factor (see Equation (7)) of the l-th considered
dSph, which, as we have made explicit, is a nuisance parameter degenerated with a in Lg; µl represents
the additional nuisance parameters different from Jl affecting the analysis of the l-th dSph; Dgl represents
the gamma-ray data of the l-th dSph, whereas D Jl refers to the data constraining Jl .

For each dSph, we may have Nmeas independent measurements, each performed under different
experimental conditions, by the same or different instruments. That is, we can factorize the Lg term as:

Lg(aJ; µ|Dg) =
Nmeas

’
k=1

Lg,k(aJ; µk|Dg,k) , (14)

where we have omitted the index l referring to the dSph for the sake of clarity, and with µk and Dg,k
representing the nuisance parameters and data, respectively, referred to the k-th measurement.

For each observation of a given dSph under certain experimental conditions, Lg,k often consists of the
product of NE0 ⇥ Np̂0 Poissonian terms (P) for the observed number of gamma-ray candidate events (Nij)
in the i-th bin of reconstructed energy and j-th bin of reconstructed arrival direction, times the likelihood
term for the µ nuisance parameters (Lµ), with NE0 the number of bins of reconstructed energy and Np̂0 the
number of bins of reconstructed arrival direction, i.e.:

Lg,k(aJ; µ|Dg) =
NE0

’
i=1

Np̂0

’
j=1

P
�
sij(aJ; µ) + bij(µ)|Nij

�
· Lµ(µ|Dµ) , (15)

where the indexes l and k referring to the dSph and the measurement have been removed for the sake
of a clear notation. The parameter of the Poissonian term is sij + bij, where sij is the expected number of
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function of just one purely free (i.e., non-nuisance) parameter. In such a case, for instance, 1-sided 95%
confidence level upper limits to a are taken as aUL95 = a2.71, with a2.71 found by solving the equation
�2 ln lP(a2.71) = 2.71.

The data D can refer to NdSph different dSphs, in which case it is convenient to write the joint
likelihood function as:

L(a; n|D) =
NdSph

’
l=1

Lg(aJl ; µl |Dgl ) · LJ(Jl |D Jl ) , (13)

where we have factorized the joint likelihood into the partial likelihood functions corresponding to each
dwarf, and those subsequently into the parts corresponding to the gamma-ray observations (Lg) and
J-factor measurement (LJ), respectively; Jl is the total J-factor (see Equation (7)) of the l-th considered
dSph, which, as we have made explicit, is a nuisance parameter degenerated with a in Lg; µl represents
the additional nuisance parameters different from Jl affecting the analysis of the l-th dSph; Dgl represents
the gamma-ray data of the l-th dSph, whereas D Jl refers to the data constraining Jl .

For each dSph, we may have Nmeas independent measurements, each performed under different
experimental conditions, by the same or different instruments. That is, we can factorize the Lg term as:

Lg(aJ; µ|Dg) =
Nmeas

’
k=1

Lg,k(aJ; µk|Dg,k) , (14)

where we have omitted the index l referring to the dSph for the sake of clarity, and with µk and Dg,k
representing the nuisance parameters and data, respectively, referred to the k-th measurement.

For each observation of a given dSph under certain experimental conditions, Lg,k often consists of the
product of NE0 ⇥ Np̂0 Poissonian terms (P) for the observed number of gamma-ray candidate events (Nij)
in the i-th bin of reconstructed energy and j-th bin of reconstructed arrival direction, times the likelihood
term for the µ nuisance parameters (Lµ), with NE0 the number of bins of reconstructed energy and Np̂0 the
number of bins of reconstructed arrival direction, i.e.:

Lg,k(aJ; µ|Dg) =
NE0

’
i=1

Np̂0

’
j=1

P
�
sij(aJ; µ) + bij(µ)|Nij

�
· Lµ(µ|Dµ) , (15)

where the indexes l and k referring to the dSph and the measurement have been removed for the sake
of a clear notation. The parameter of the Poissonian term is sij + bij, where sij is the expected number of
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signal events in the i-th bin in energy and the j-th bin in arrival direction, computable using aJ as we will
see below; and bij the corresponding contribution from background processes. Dµ represents the data
used to constrain the values of the nuisance parameters µ. We have made explicit that the uncertainties
associated to µ can in principle affect both the computation of the signal and background contributions.
For instance, uncertainties in the overall energy scale affect the computation of sij, whereas uncertainties
in the background modeling affect the computation of bij. However, uncertainties affecting sij are usually
considered to be largely dominated by the uncertainty in the J-factor and the dependence of sij on µ

therefore ignored. Thus, sij, is given by:

sij(aJ) =
Z

DE0
i

dE0
Z

Dp̂0
j

dW0
Z •

0
dE

Z

DWtot
dW

Z Tobs

0
dt

d2F(aJ)
dE dW

IRF(E0, p̂0|E, p̂, t) , (16)

where E0, p̂0, E and p̂ are the estimated and true energies and arrival directions, respectively; dW0 and dW
infinitesimal solid angles containing p̂0 and p̂, respectively; Tobs the total observation time; t the time along
the observations; and IRF the instrument response function, i.e. IRF(E0, p̂0|E, p̂, t) dE0 dW0 is the effective
collection area of the detector times the probability for a gamma ray with true energy E and direction p̂
to be assigned an estimated energy in the interval [E0, E0 + dE0] and p̂0 in the solid angle dW0 (see more
details below), at the time t during the observations. The integrals over E and p̂ perform the convolution
of the gamma-ray spectrum with the instrumental response, whereas those over E0 and p̂0 compute the
events observed within the i-th energy bin (DE0

i) and the j-th arrival direction bin (Dp̂0
j). It must be noted

that, defining several spatial bins within the source produces relatively minor improvement in sensitivity
to dark matter searches for not significantly extended sources (i.e., those well described by a point-like
source, as it is the case for many dSphs) [20]. For significantly extended sources, on the other hand, using a
too fine spatial binning makes the obtained result more sensitive to the systematic uncertainties in the dark
matter spatial distribution within the dSph halo. Thus, a realistic optimization of Np̂0 based on sensitivity
should balance the gain yielded by the use of more spatial information and the loss caused by the increase
in the systematic uncertainty.

The IRF can be factorized as the product of the detector collection area Aeff (Tobs · Aeff is often referred
to as exposure), times the PDFs for the energy ( fE) and incoming direction ( f p̂) estimators, i.e.:

IRF(E0, p̂0|E, p̂, t) = Aeff(E, p̂, t) · fE(E0|E, t) · f p̂(p̂0|E, p̂, t) , (17)

where, following the common practice, the (small) dependence of fE with p̂ has been neglected. f p̂ is often
referred to as the point spread function (PSF).

Finally, the likelihood for the total J-factor is usually written as:

LJ(J | Jobs, sJ) =
1

ln(10)Jobs
p

2psJ
e�(log10(J)�log10(Jobs))

2/2s2
J ; (18)

with log10 Jobs and sJ the mean and standard deviation of the fit of a log-normal function to the posterior
distribution of the total J-factor [21]. Therefore, including LJ in the joint likelihood is a way to incorporate
the statistical uncertainty of J in the estimation of a. It is worth noting that, because a and J are degenerate,
in order to perform the profile of L with respect to J it is sufficient to compute Lg vs a for a fixed value of J,
which facilitates significantly the computational needs of the profiling operation (see details in footnote 12
of reference [22]). Including Jobs systematic uncertainties is much more complex, since they depend mainly
on our choice of the dark matter halo density profile function (e.g., NFW [23], Einasto [24], etc.), and there
is no obvious way of assigning a PDF to that choice. Because of this, the impact of that uncertainty in

Table 2: Summary of the relevant properties of the dSphs used in the present work. Column 1
lists the dSphs. Columns 2 and 3 present their heliocentric distance and Galactic coordinates,
respectively. Columns 4 and 5 report the J-factors of each source given from the GS and B

independent studies and their estimated ±1� uncertainties. The values log10 J (GS set) correspond
to the mean J-factor values for a source extension truncated at the outermost observed star. The
values log10 J (B set) are provided for a source extension at the tidal radius of each dSph.

Name Distance l, b log10 J (GS set) log10 J (B set)
(kpc) (

�
) log10(GeV

2
cm

�5
sr) log10(GeV

2
cm

�5
sr)

Boötes I 66 358.08, 69.62 18.24+0.40
�0.37 18.85+1.10

�0.61

Canes Venatici I 218 74.31, 79.82 17.44+0.37
�0.28 17.63+0.50

�0.20

Canes Venatici II 160 113.58, 82.70 17.65+0.45
�0.43 18.67+1.54

�0.97

Carina 105 260.11, �22.22 17.92+0.19
�0.11 18.02+0.36

�0.15

Coma Berenices 44 241.89, 83.61 19.02+0.37
�0.41 20.13+1.56

�1.08

Draco 76 86.37, 34.72 19.05+0.22
�0.21 19.42+0.92

�0.47

Fornax 147 237.10, �65.65 17.84+0.11
�0.06 17.85+0.11

�0.08

Hercules 132 28.73, 36.87 16.86+0.74
�0.68 17.70+1.08

�0.73

Leo I 254 225.99, 49.11 17.84+0.20
�0.16 17.93+0.65

�0.25

Leo II 233 220.17, 67.23 17.97+0.20
�0.18 18.11+0.71

�0.25

Leo IV 154 265.44, 56.51 16.32+1.06
�1.70 16.36+1.44

�1.65

Leo V 178 261.86, 58.54 16.37+0.94
�0.87 16.30+1.33

�1.16

Leo T 417 214.85, 43.66 17.11+0.44
�0.39 17.67+1.01

�0.56

Sculptor 86 287.53, �83.16 18.57+0.07
�0.05 18.63+0.14

�0.08

Segue I 23 220.48, 50.43 19.36+0.32
�0.35 17.52+2.54

�2.65

Segue II 35 149.43, �38.14 16.21+1.06
�0.98 19.50+1.82

�1.48

Sextans 86 243.50, 42.27 17.92+0.35
�0.29 18.04+0.50

�0.28

Ursa Major I 97 159.43, 54.41 17.87+0.56
�0.33 18.84+0.97

�0.43

Ursa Major II 32 152.46, 37.44 19.42+0.44
�0.42 20.60+1.46

�0.95

Ursa Minor 76 104.97, 44.80 18.95+0.26
�0.18 19.08+0.21

�0.13

in App. A which also presents a comparison between the two sets of differential J-factors270

versus the angular radius of the integration region �⌦, measured from the dSph nominal271

position, for each of the twenty dSphs.272

4 Joint likelihood analysis273

We conduct our DM search by means of a maximum likelihood analysis, in which we take274

advantage of the different spectral and morphological features expected for signal (see275
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Combined limits

● Combined limits are up to a factor 2-3 more constraining

Preliminary
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Conclusions
★ MAGIC operating smoothly since last major upgrade in 2011-2012


★ Good scientific harvest, e.g.:

✦ Discovery of new types of VHE gamma-ray emitters


✦ Help unveiling the origin of Galactic cosmic rays and Ultra-High-Energy 
neutrinos


✦ Understanding particle acceleration in shocks, jets and extreme 
environments


✦ Fundamental Physics issues:

✴ Lorentz Invariance tests

✴ Search for Dark matter


★ Multi-wavelength/multi-messenger/multi-collaboration projects getting 
increasingly important
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