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TXS 0506+056 - first high-energy neutrino source ?

IceCube alert for track-like VHE event (EHE sample) - most likely  
astrophysical muon neutrino, E > 100 TeV - on 22 sept. 2017

arrival direction < 0.1 deg from the position of the BL Lac object  
TXS 0506+056 (constrained in about 1 deg2)

TXS 0506+056 was in a high state (flux up to  
6 times that of low state seen with Fermi-LAT)  
from April - October 2017; detected also with AGILE

First detection of  VHE emission with MAGIC  
from 28 sept. to 4 oct. ; detected also with VERITAS

recent redshift measurement z = 0.3365 +- 0.0010  
(Paiano et al. 2018 -> poster !)

no determination of the black hole mass
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Available data

NuStar : power-law with index 
1.59 +- 0.08 (29/9/2017)  
PRELIMINARY (FPMA)
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Fermi-LAT : 2.06 +- 0.08 (15 - 27/9/2017)SWIFT UVOT :  V/U/B/W1/M2/W2 - 
flat spectrum    (27/9/2017)

archival data 
(SSDC)

SWIFT XRT : power-law with 
index 2.58 +- 0.09  (27/9/2017)  
PRELIMINARY



LEHA - a lepto-hadronic one-zone emission model
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the “LEHA” code
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stationary one-zone LEpto-HAdronic 
model for BL Lac objects

- models all emission processes due to  
   e- and p+ interactions in the source

- we usually impose physical constraints:

 -- power-law spectra with same index for       
     p+ and e- (co-acceleration)  

 -- spectral breaks from synchrotron  
    cooling.

 -- max. p+ energy from comparison of  
    acceleration and cooling time scales

 -> 7  free parameters

 -- verify variability time scale constraint:  
             R / δ ≤ c ∆tobs / (1+z)

 -- verify jet power requirements

Cerruti, M., AZ, Boisson, C., Inoue, S.  
 MNRAS 448 (2015) 910-927.

SSC



proton-photon interactions

Monte Carlo treatment of proton-photon interactions with the Sophia code (Mücke et al. 2000) 

- treatment of all photopion production channels  
   with resulting particle spectra  
   (including ν spectra…) 

- explicit treatment of unstable particles  
   (muons, pions, Kaons...) 

Bethe-Heitler pair production (analytical) :  
Kelner & Aharonian (2009)  
+ cross-section Blumenthal (1970). 

Leptons and gammas from proton-photon 
interactions have very high energies  
 
-> generate synchrotron-pair cascades 
through interactions with photon field
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Mücke et al. 2000



Some applications of LEHA
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Systematic exploration of hadronic solutions  
for PKS 2155-304 and Mrk 421 during low 
states & predictions for the CTA  
AZ, Cerruti, Mazin, A&A 602 (2017) 25

Proton-synchrotron and mixed lepto-
hadronic solutions for extreme blazars 
Cerruti, AZ, Boisson, Inoue, MNRAS 448 (2015) 910

Lepto-hadronic models for the high-redshift  
BL Lac object PKS 1424+240  
Cerruti, Benbow, Chen, et al.  A&A 606 (2017) 68

Exploration of neutrino spectra for  
Centaurus A, PG 1553+113, PKS 2155-304  
Cerruti, AZ, Emery, Guarin, Proc. of Gamma 2016  
(astro-ph 1610.00255)

PG 1553+113



Proton-synchrotron solutions for TXS 0506+056
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a hadronic (proton-synchrotron) interpretation for TXS 0506+056
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δ = 30,  R = 4.2e16 cm , B = 3 G , γp,max = 1.7e9  , Ljet = 2.9e47 erg/s

Number of IceCube μ-neutrinos expected for 6 month high state :  ~0.03
Poisson probability for detection of 1 muon-neutrino :     ~3%

νμ
e-synch

p-synch

SSC



z                         0.3365 
δ                         30 - 50 
R_src [1e16 cm]          0.3 - 9.7 
τ_var [days]             0.03 - 1 
——————————————————————————————————————————————— 
B[G]                      0.2 - 7.1 
——————————————————————————————————————————————— 
γ_e_min                   200 
α_e,1 = α_p,1             2 
α_e,2 = α_p,2             3 
——————————————————————————————————————————————— 
γ_p_min                   1 
γ_p_max                   2.3e+08 - 1.7e+09 
——————————————————————————————————————————————— 
*u_p/u_B                  10 - 1038 
L_jet [1e46 erg s^-1]      4 - 170
—————————————————————————————————————————————— 
——————————————————————————————————————————————

systematic exploration of proton-synchrotron solutions
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Scan of νp,syn in log-steps of 0.1  
and Doppler factor in steps of 5.
 
-> satisfactory solutions for  
B-field values  0.5 G < B < 10 G 
 

-> minimum jet power 4e46 erg/s

-> accommodates variability  
    down to below day-scale  
 



proton-synchrotron solutions : expected neutrino rate
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minimum and maximum expected rates for IceCube  :  
 
0.003 − 0.053  μ-neutrinos / year   

Poisson probabilities for finding 1 μ-neutrino / 6 months  
given the flux estimations from the model:  
 
0.1% - 2.6%

-> Proton-synchrotron solutions are not favorable for a direct link with 
the IceCube event. 



Mixed lepto-hadronic solutions for TXS 0506+056
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starting with a pure SSC interpretation

δ = 20 , R = 2.7e16 cm , B = 0.2 G , Np=0  , Ljet = 2e43 erg/s 

Start from this solution, increase γmin,e (here =100 ), and add a hadronic component 
that is limited by the NuStar spectrum -> maximum hadronic contribution

e-synch

SSC
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a lepto-hadronic interpretation for TXS 0506+056

δ = 20 , R = 2.7e16 cm , B = 0.2 G , γe,min =500 , γp,max =3.4e8  , Ljet = 6.0e47 erg/s

Number of IceCube μ-neutrinos expected for 6 month high state :   ~0.18
Poisson probability for detection of 1 muon-neutrino  :     ~15% 

νμ
e-synch

p-synch

SSC



systematic exploration of mixed lepto-hadronic solutions
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Tested four values for B-field  
and 3 values for Doppler 
factor.
 
-> satisfactory solutions for  
B-field values  0.1 G < B < 1 G 
 

z                         0.3365 
δ                         20 - 40 
R_src [1e16 cm]         0.15 - 2.85 
τ_var [days]            0.02 - 0.6 
———————————————————————————————————————————— 
B[G]                      0.1 - 1 
———————————————————————————————————————————— 
γ_e_min                   500 
α_e,1 = α_p,1             2 
α_e,2 = α_p,2             3 
———————————————————————————————————————————— 
γ_p_min                   1 
γ_p_max                   8.2e+07 - 3.3e+08 
———————————————————————————————————————————— 
*u_p/u_B                  1.7e4 - 6.3e5 
L_jet [1e46 erg s^-1]     20 - 386
———————————————————————————————————————————— 
————————————————————————————————————————————

-> minimum jet power 2e47 erg/s

-> accommodates variability down  
    to below day-scale  
 
-> far out of  equipartition 



mixed lepto-hadronic solutions : expected neutrino rate
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minimum and maximum expected rates for IceCube :  
 
0.19 - 1.23 μ-neutrinos / year   

Poisson probabilities for finding 1 μ-neutrino / 6 months given the flux 
estimations from the model:  
 
9% - 33%

Keep in mind that the lepto-hadronic scenario, the hadronic contribution 
and neutrino flux can be arbitrarily low, depending on γe,min



Conclusions

The SED of TXS 0506+056 is rather well constrained (especially in X-rays).

Proton-synchrotron scenario : good solutions for broad-band SED, but difficult to 
account for IceCube event.

Mixed lepto-hadronic scenario : good solutions for broad-band SED; accounts well 
for Ice Cube event.

Waiting for more details on Ice Cube events and on VHE data…
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Thank You !
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treatment of cascades
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LEHA simulates synchrotron-pair cascades triggered by: 

-  γ-γ absorption of proton-synchrotron photons, muon synch. photons, photons from π0  

-  e+ e- pairs from Bethe-Heitler, leptons from π+, π- 

γ from synchrotron, 
pion decay 

γ-γ absorption

pair production

pair synchrotron 
radiation 

repeat over 
~3 generations



Fermi light curve
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hadronic parameter space for HBLs

Zech, Cerruti, Mazin, 
A&A 602 (2017) 25
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size of emission region  
vs. magnetic field



hadronic parameter space for HBLs
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Zech, Cerruti, Mazin, 
A&A 602 (2017) 25

jet power vs.  
equipartition ratio (p+ / B-field)



hadronic model - time-scales
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high-energy neutrinos from PKS 2155-304 ?
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Hadronic models produce very-high-energy neutrino flux, peak around 1017 - 1019 eV. 

-> Out of reach for IceCube / KM3Net ? Need to evaluate detectability with GRAND, etc. …

Zech, Cerruti, Mazin, 
A&A 602 (2017) 25

emitting region dense,  
cascades important

emitting region less dense,  
cascades less important


