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The MAGIC telescopes
• 2 x 17 m telescopes in stereo configuration since 2009  

• Energy threshold 50 GeV (30 GeV with SumTrigger) ⟹ farthest ɣ-ray 

cosmic horizon reachable among stereo IACTs 

• Fast rotation < 30 seconds for 180o ⟹ look for fast transients 

• Operation in moderate to strong moonlight ⟹ large duty cycle 

• Sensitivity ~0.66% of Crab in 50 h above 220 GeV 

• Wide energy range from 50 GeV up to ~50 TeV  

• Energy resolution ~ 15% (23%) @ 1TeV (100 GeV) 

• Angular resolution ~ 0.06 (0.1) degrees @ 1TeV (100 GeV)  

• Field of View ~ 3.5 degrees 



The MAGIC follow-up program
• MAGIC pioneered the Neutrino Triggered Target of Opportunity (NToO) 

program since 2007 [M. Ackermann et al. arXiv:0709.2640] 

• MAGIC is part of the Gamma-Ray Follow-up program since 2012 [M.G. 
Aartsen et al., JINST, 11, P11009 (2016)] 

• More than 30 hours invested during previous cycle (2017)  

• Search for counterparts of νμ tracks: HESE-37, HESE-38 and a multi-PeV 
track (see ATel#7856)  

• HESE/EHE real-time alerts: e.g. 160427A, 160731A (AMON GCN) 

Also, long-term 
monitoring program of 
known TeV emitters  

[https://magic.mpp.mpg.de/backend/
publications/articles]



IceCube 170922A (EHE)

• Probability of astrophysical origin 56.6%  

• At 6 arc-minutes from the direction of TXS 0506+056   

• Neutrino energy @ 90% C.L.: lower limit is 183 TeV (200 TeV), 
upper limit is 4.3 PeV (7.5 PeV) for a spectral index of -2.13 (-2.0) 
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MAGIC observations
• 41 hours from September 24th to November the 2nd 

• ɣ-ray energy spectrum measured up to about 400 GeV, power-law 
spectral index ranging from (-4.0 ± 0.3) to (-3.5 ± 0.4) 

• VHE flux clearly variable on daily timescales 

• 2 distinctive flares observed, spectrum measured also in between 
(hereafter the “low state”)  

More insights on 
observations and results: 

talk by L. Foffano on 
August 29th 2018

The IceCube Coll. et al., Science 361, 146 
(2018)arXiv:1807.08816 Full data set: the MAGIC Collaboration, ApJL 863, 1, arXiv:1807.04300



Multi-wavelength data
• Public data analyzed and combined within 24 hours from MAGIC 

measurements for quasi-simultaneous SED  

• TXS 0506+056 classified as an intermediate synchrotron peaked 
(ISP) or low synchrotron peaked (LSP) Blazar, luminosity typical for a 
LSP [Ackermann M., et al., 2015, ApJ, 810, 14, C. Righi et al. arXiv:1807.10506]



A neutrino emitter?
• High energy neutrinos can be generated through pɣ interactions in the jet 

• BL Lac objects generally disfavored compared to FSRQs due to low density of 
target photon fields [e.g. Murase et al., 2014, Phys. Rev. D, 90, 023007] 

• For Eν ∼ 300 TeV: protons with Ep ≥ 6 PeV must interact with photons with 
energies above the photo-pion threshold, ε ≥ mπmpc4/Ep ≈ 102 − 103 eV, in the 
UV to soft X-ray range

accretion disk
(UV, X)

BL Lac
faint disk and BLR

FSRQ
bight disk and scattered off 

photons from BLR

broad line region 
(BLR)

 (opt, UV)



• External photons can increase photo-meson rate e.g. 

• from radiative inefficient accretion flows [C. Righi et al . arXiv:1807.10506] 

• from structured jets [Ghisellini G., Tavecchio F., Chiaberge M., 2005, A&A, 432, 401]: 

synchrotron photon density from sheath seen boosted in jet 
frame

External target photon field?

 Limb brightening 
observed in the jet of M87 

Kovalev+ 2007 

�rel = �s�l(1� �s�l)U 0 ' U�2
rel

More insights: talk by 
F. Tavecchio on August 

29th 2018



The model
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Spine-sheath model: 

Tavecchio+ 2014, 2015, Righi & Tavecchio 2017

p

• Cylinder with spine radius Rj=106cm (tvar ∼ 1 day), length Hj=Rj. For 
the outer layer Rs=Hs=1.5*Rj 

• Leptonic emission: synchrotron, SSC, EC 
• Hadronic emission: photo-meson cascade, BH cascade, synchrotron 

radiation from protons and muons 
• SED of TXS 0506+056 motivates small viewing angle (θview = 0.8°)

MAGIC Coll., ApJ 863, L10, arXiv:1803.04300 



• Bulk Lorentz factor spine Γj = 22, sheath Γs = 2.2 (δj ≃ 40 and δs ≃ 
3.7)  

• Parameters tuned to reproduce ɣ-ray data and neutrino event rate 
without overproducing X-rays: 
• Magnetic field 
• Electron spectrum: broken power-law Ee,min, Ee,br, Ee,max, n1,n2  
• Proton spectrum: power-law Ep-2 with exp. cutoff Epmax in the range 

1014 eV to 1018 eV

Model parameters

Low 
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Figure 2. Spectral energy distribution for the enhanced VHE gamma-ray emission state (a), MJD 58029 to 58030) and the lower
VHE gamma-ray emission state (LS, b)) modeled with the jet-sheath scenario with Ep,max = 1016 eV. Symbols corresponding
to data-points from di↵erent facilities and observation epochs are described in the legend. The curves represent individual
emission components while the thick black curve shows the total predicted emission. The leptonic emission from the jet includes
synchrotron (blue loose-dashed), synchrotron-self-Compton (SSC, red loose-dash-dotted), and external Compton (EC) emission
(dark red loose-dotted). Synchrotron emission from the sheath is denoted by the green dense-dashed line. The hadronic emission
components are photo-meson-induced cascade (purple dense-dotted), Bethe-Heitler pair cascade (dark yellow double-dot-dashed)
and muon-synchrotron (yellow dash-dotted). Predicted (anti-)neutrino spectra are marked by (light-)magenta (dashed) solid
lines, the blue vertical line shows the energy ⇠290 TeV of the observed neutrino. A comparison of the two solutions is also shown
with the archival data from ASDC (c)). Results for di↵erent values of Ep,max are compared for the enhanced VHE gamma-ray
emission state (d), MJD 58029 to 58030) and the lower VHE gamma-ray emission state (Low state, e)).
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Model results
• Photopion efficiency fpγ(Ep~6 PeV)~O(10-4) 

• τγγ(Eγ~12 GeV)~0.1 ⟹ τγγ(Eγ~100 GeV)~1  

Consistent with observed GeV-TeV break 

0.06/0.5 𝝂μ/yr 

Low state

High state

0.17/0.5 𝝂μ/yr 
(0.21-6.3 PeV)



• Results similar to purely 
leptonic models without 
protons  

• Jet power 4x1045 to 1046 erg/s 

• Highest neutrino rate found for 
Epmax = 1016 eV

Interpreting observations of TXS 0506+056 9

Table 1. MAGIC flux measurements. Enhanced emission
states as discussed in the text are marked in bold.

Date E↵ective time Flux > 90 GeV

MJD [hours] [10�11 cm�2 s�1]

58020.18 1.1 < 3.56

58024.21 1.2 1.3 ± 1.3

58025.18 2.9 1.9 ± 1.0

58026.17 3.0 1.0 ± 1.0

58027.18 2.8 0.9 ± 1.0

58028.23 0.8 0.7 ± 1.7

58029.22 1.3 4.7 ± 1.4

58030.24 0.6 8.7 ± 2.0

58044.16 1.9 1.6 ± 1.2

58045.18 3.2 1.7 ± 0.9

58046.18 3.1 0.8 ± 1.0

58047.19 2.7 0.6 ± 1.0

58048.18 2.3 0.1 ± 1.0

58049.14 1.0 0.5 ± 1.7

58054.18 0.8 3.0 ± 1.6

58055.19 2.9 1.8 ± 0.9

58056.20 2.3 0.4 ± 1.1

58057.20 2.7 6.1 ± 1.2

58058.22 1.6 2.3 ± 1.6

58059.23 0.3 <7.6

Table 2. MAGIC spectral fit parameters. Normalization is
obtained at E = 146 GeV in units of 10�10 TeV�1 cm�2 s�1.

Data set MJD 58029-30 MJD 58057 Low state

E↵. time [h] 2.0 2.7 35.0

Significance [�] 5.7 7.7 5.6

Normalization 2.91 ± 0.62 3.22 ± 0.59 0.54 ± 0.13

Spectral index -3.86 ± 0.32 -4.00 ± 0.27 -3.52 ± 0.39

Table 3. Parameters for the jet-sheath model for
Ep,max=1016.

State MJD 58029-30 Lower VHE

B [G] 2.6 2.6

Emin [eV] 3.2⇥ 108 2.0⇥ 108

Ebr [eV] 7.0⇥ 108 9.0⇥ 108

Emax [eV] 8⇥ 1011 8⇥ 1011

n1 2 2

n2 3.9 4.4

Ue [erg cm�3] 4.4⇥ 10�4 3.6⇥ 10�4

UB [erg cm�3] 0.27 0.27

Up [erg cm�3] 1.8 0.7

Pe [erg s�1] 2⇥ 1042 1.6⇥ 1042

Pp [erg s�1] 8⇥ 1045 3⇥ 1045

PB [erg s�1] 1.2⇥ 1045 1.2⇥ 1045

Figure 1. Top: Very high energy (VHE, E>90 GeV)
gamma-ray light curve of the blazar TXS 0506+056 as mea-
sured by MAGIC. Data from MDJ 58020 to MJD 58030 has
been already presented in (Aartsen et al. 2018). The col-
ored boxes mark the two periods of enhanced emission dur-
ing MJD 58029-30 and MJD 50857. The triangles at MJD
58020 and 58059 are 2 � upper limits. The dashed blue line
indicates the arrival time of the high energy neutrino event
IC-170922A (MJD 50818). Bottom: Spectral energy distri-
bution of the blazar TXS 0506+056 as measured by MAGIC
in di↵erent observation periods.

UMO-2016/22/M/ST9/00382 and by the Brazilian MC-
TIC, CNPq and FAPERJ. Part of this work is based on
archival data, software or on-line services provided by
the Space Science Data Center - ASI.

Model results
inferences 1: jet-sheath

Table 5: Swift/UVOT flux corrected for Galactic extinction, for the two time periods used for
SED modeling.

Period b m2 u v w1 w2
10�11 [erg cm�2 s�1]

MJD 58029-30 - 2.93 - - - 3.66
Low state 3.32 2.45 3.13 3.08 2.87 2.54

Table 7: Fermi-LAT spectral fit parameters.
Data set MJD 58029-30 MJD 50857 Low state
TS 98 57 475
Normalization [10�10 MeV�1 cm�2 s�1] 1.82 ± 0.34 0.50 ± 0.14 0.43 ± 0.04
Normalization energy [MeV] 485 965 803
Spectral index 2.18 ± 0.16 1.78 ± 0.20 2.08 +/- 0.10

Table 8: Parameters for the jet-sheath model.
State B Emin Ebr Emax n1 n2 Ue UB Up

[G] [eV] [eV] [eV] [erg cm�3] [erg cm�3] [erg cm�3]
H 3 5⇥ 108 7⇥ 108 7⇥ 1011 2.1 3.8 1.34⇥ 10�3 0.36 0.38
L 2.55 5⇥ 108 6⇥ 108 3⇥ 1011 2.1 4.15 1.29⇥ 10�3 0.26 0.35
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merical code follows the evolution of the photon energy distribution, starting from neutral pion

decay and the first generation of pairs from charged pion decay, which can then undergo ��

interactions with the target soft photons (internal synchrotron photons as well external photons

from the sheath or the ADAF), thus injecting secondary pairs. These emit synchrotron radi-

ation at lower energies, which can feed further cascade generations if they are above the ��

threshold. The escaping photons are composed of synchrotron and inverse Compton radiation

by the cascade pairs and the initial neutral pion decay. The results presented here have been

cross-checked with the codes developed in (12,64).

For the two JS models shown in Fig. 2 , we assume the same values of the Doppler factor

of the jet �j = 25, the sheath Doppler factor �s = 3.7, and the jet radius R = 1016 cm. The

energy distribution of relativistic protons is assumed to be a simple power-law with spectral

index np = 2 and an exponential cutoff at maximum energy Ep,max = 4 ⇥ 1016 eV. Table 8

lists the values of other parameters used as input for the models (all in the jet comoving frame):

jet magnetic field B, parameters specifying the electron distribution (a broken power-law with

minimum energy Ee,min, break energy Ee,br and maximum energy Ee,max, and spectral indices

ne1 and ne2), and the energy densities in relativistic electrons Ue, magnetic fields UB, and

relativistic protons Up. The jet power can be evaluated as Pjet = ⇡R2�2c(Ue + Up + UB).

An interesting question concerns the possibility to distinguish between the two alternative

sources of external photons, i.e. the sheath surrounding the jet or the ADAF-like accretion flow.

For the latter, finding a direct observational signature in TXS 0506+056 is challenging, since

the bright non-thermal jet emission likely outshines the faint radiation from the accretion flow.

Indirect evidence could be searched for in low-power radio galaxies, the counterparts of BL

Lac objects with their jets oriented away from us. For the structured jet scenario, the situation is

more promising. Direct evidence for the postulated jet structure (at least at parsec scales) could

be obtained by means of high-resolution very long baseline interferometry (VLBI) observations

9

- Model parameters similar to purely leptonic models without rel. protons
- Jet power ~4x1045 erg/s, mainly protons + B fields in near-equipartition�

δj=25, δs=3.7, R=1016 cm, Epmax=4x1016 eV

- max proton energy constrained
  to reproduce ν event rate without overproducing X-rays�

Model parameters in the jet coming frame

0.06/0.5 𝝂μ/yr (80% Energy interval: 0.21-6.3 PeV)

0.01/0.5 𝝂μ/yr (0.27-23.4 PeV)



Timescales
• The maximum proton energy Ep,max can be estimated by balancing tacc 

(E ) and the shortest loss timescale tloss = min[tad, tsyn, tγπ, tγe± ] 

• Ep,max (in the jet co-moving frame) can be in the range ∼ 1014 to 1018 eV 

tad

tsyntγπ

tγe±

highest 
neutrino 

rate

max 
theo. 
limit



Conclusions

• First time observation of VHE ɣ-rays in coincidence with a high energy 
neutrinos yielded by the MAGIC telescopes 

• Monitoring of TXS 0506+056 for 41 hours with the MAGIC telescopes 
yielded: 

• variability timescale at VHE energies < 1 day 

• 2 distinctive VHE ɣ-ray flares and a low state with similar spectrum 

• The neutrino and MWL data can be interpreted with a one-zone model 
and external photons from structured jets

• The inferred proton luminosity is in the range ≈ 1045 − 4x1046 erg/s  and 
maximum CR energies in the comoving frame of 1014 to 1018 eV
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Figure 2. Spectral energy distribution for the enhanced VHE gamma-ray emission state (a), MJD 58029 to 58030) and the lower
VHE gamma-ray emission state (LS, b)) modeled with the jet-sheath scenario with Ep,max = 1016 eV. Symbols corresponding
to data-points from di↵erent facilities and observation epochs are described in the legend. The curves represent individual
emission components while the thick black curve shows the total predicted emission. The leptonic emission from the jet includes
synchrotron (blue loose-dashed), synchrotron-self-Compton (SSC, red loose-dash-dotted), and external Compton (EC) emission
(dark red loose-dotted). Synchrotron emission from the sheath is denoted by the green dense-dashed line. The hadronic emission
components are photo-meson-induced cascade (purple dense-dotted), Bethe-Heitler pair cascade (dark yellow double-dot-dashed)
and muon-synchrotron (yellow dash-dotted). Predicted (anti-)neutrino spectra are marked by (light-)magenta (dashed) solid
lines, the blue vertical line shows the energy ⇠290 TeV of the observed neutrino. A comparison of the two solutions is also shown
with the archival data from ASDC (c)). Results for di↵erent values of Ep,max are compared for the enhanced VHE gamma-ray
emission state (d), MJD 58029 to 58030) and the lower VHE gamma-ray emission state (Low state, e)).
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