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UHF-peaked BL Lacs (extreme blazars)	



Kaufmann+ 11	



SSC interpretation	


requires:	


high γmin~104-105	



<-> normally γmin~<103	



high δ>~50	


<-> normally δ~10-30	



- hard TeV spectra	


  Epeak>~TeV	


- limited evidence	


  of variability	



1ES 0229+200	


low radiative efficiency	



stochastic electron acceleration?	


Lefa+ 11, Tramacere+ 11, Asano+ 14…	



Essey & Kusenko 12, Murase+ 12, Tavecchio 14…	

intergalactic CR-induced cascades	





proton-induced emission in blazars	

 Mannheim 93	


Aharonian 00	


Mücke+ 02,03….	



Ghisellini 03	



p+γLE→N+ π0, π+-
	



e-+B→e-+γLE	



potential problems 	


2. poor fit to broadband spectra?	


3. tpγ, tpB too long to explain	


 <day timescale X-TeV correlations	


 in HBLs	



however:	


can we still see UHE proton signatures	


mixed with leptonic emission?	



p+γLE→ p+ e+e-	



1. emission from photopairs	


    overproduce interpeak region	



Böttcher+ 09	



subminute TeV variability �

Ep,max~1017-1019 eV �

3C279	



also p-p π0	



if dense enough	


Romero+ �

hadronic emission models for blazars	


π0→2γ   π+-→µ+-ν→e+-+3ν	



electron-positron	


sync. cascade	

e+e-+B→e+e-+γ	



γ+γLE→e+e-	



p+B→p+γ	

 proton synchrotron	



µ+-+B→µ+-+γ	

 muon synchrotron	



potential issues	


1. low radiative efficiency	


    generally high Lkin required	



 c.f. complicated (non-)correlations in FSRQs 	





leptonic+hadronic emission model	



leptonic processes: updated version of Katarzynski+ 01	


- one zone synchrotron+SSC	


- electron spectrum: power-law injection Κeγe

-αe  (γe,min<γe< γe,max)	


   + break via syn.+SSC losses	


- internal γγ pair production 	


hadronic processes	


- proton synchrotron	


- photomeson interactions (SOPHIA)	


- sync.+IC emission by all secondary pairs (pγ + γγ)	


- muon synchrotron	


- Bethe-Heitler pair production	



EBL: Franceschini+ 08	


Cerruti, Zech, Boisson, SI, in prep.; also arXiv:1210.5014, 1111.0557 	


c.f. some preliminary results in arXiv:1111.0557 	



- proton spectrum: power-law injection Kpγp
-αp  (1<γp< γp,max), αp=αe	



  break via syn. losses	


  max via accel vs radiative/adiabatic losses	



Cerruti, Zech, Boisson, SI, MNRAS submitted; see also arXiv:1111.0557 	



parameters: δ, R, B, αe=αp, γe,min, γe,max, Ke, Kp	





A hadronic origin for ultra-high-frequency-peaked BL Lac objects 7

Figure 1. Left: hadronic modeling of the spectral energy distribution of Mrk 421 (data points taken from Abdo et al. 2011). Data have been corrected for the
EBL absorption, which is thus not included in the model. Right: acceleration and cooling time-scales for the different particles in the emitting region.
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By imposing the condition from Equation 27, we find again that the495
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There exists thus a maximum peak frequency of the proton501

synchrotron emission, corresponding to the equality in Equation502

20, for which R and B are related via the equality in Equations 18503

and 27. This is the case where τacc(γp;max) = τad = τsyn(γp;max).504

For a given value of δ, we can again study systematically the505

parameter space, iterating over R and B, with νpeak,p constrained506

by the data. Here, we are applying again the constraint on τvar507

(Equation 22) and the constraints on the electron distribution508

(Equations 23 and 24), though generally, in this regime, γe;break509

occurs below or very close to γe;min.510
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One could be led to think that another constraint on the max-512

imum energy of protons in the emitting region was provided by513

their gyro-radii in the assumed homogeneous magnetic field: par-514

ticles with gyro-radius larger than R would escape the emitting re-515

gion, and should not be considered in the framework of a station-516
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gyro-radius is518
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However, for the protons in the emitting region, by substituting519

the values of γp;max in Equation 30, it is easy to show that Rgyro520

is always smaller than R, i.e. even the most energetic protons521

are confined in the plasma blob , given the constraints from522

acceleration and loss time-scales.523

524

For a given bulk Doppler factor δ, the equations described525

above can be used to determine the complete set of solutions for526

a proton-synchrotron scenario by systematically scanning different527
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Figure 1. Left: hadronic modeling of the spectral energy distribution of Mrk 421 (data points taken from Abdo et al. 2011). Data have been corrected for the
EBL absorption, which is thus not included in the model. Right: acceleration and cooling time-scales for the different particles in the emitting region.

equality of the acceleration and cooling time-scales, as discussed476

in the next Section):477

γe;max = 1.64 × 105 (1 + z)
( νpeak,e

1018Hz

)1/2 (

δ

10

)−1/2 (

B

1G

)−1/2

(24)

478

479

• Synchrotron cooling dominated regime (τad > τsyn) :480

481

In this second regime, the synchrotron cooling time-scale is482

shorter than the adiabatic one for all γp ≤ γp;max. The first con-483

sequence is that the stationary proton distribution is described484

by a broken power-law, with index αp;2 = 1 + αp;1 above485

γp;break. The maximum proton energy is determined by the equa-486

tion τacc(γp;max) = τsyn(γp;max), which yields:487

γp;max = 6.53 × 1010
(

B

1G

)−1/2

(25)

The relation τad = τsyn(γp;break) is used to define the proton break488

energy:489

γp;break = 6.61 × 1011
(

B

1G

)−2 (

R

1017cm

)−1

(26)

In this case we expect γp;break < γp;max, and indeed this inequality490

leads to491

R

1017cm
> 10.13

B

1G

−3/2

(27)

which is complementary to Eq. 18, as expected.492

The peak frequency of the proton synchrotron component is asso-493

ciated to γp;break only if αp;1 ∈ (2.0, 3.0). In this case,494

νpeak,p

1027Hz
=

13.15
1 + z

(3 − αp;1)
1.5

δ

10

(

B

1G

)−3 (

R

1017cm

)−2

(28)

By imposing the condition from Equation 27, we find again that the495

upper bound for νpeak,p is given by the inequality in Equation 20.496

On the other hand, if αp;1 < 2.0, the peak frequency is associated497

with γp;max. In this case νpeak,p is constant, and equal to498

νpeak,p

1027Hz
=

0.128
1 + z

(3 − αp;2)
1.5

δ

10
(29)

which is a factor 1 − 1/(3 − αp;1) lower than the one in Equation499

20.500

There exists thus a maximum peak frequency of the proton501

synchrotron emission, corresponding to the equality in Equation502

20, for which R and B are related via the equality in Equations 18503

and 27. This is the case where τacc(γp;max) = τad = τsyn(γp;max).504

For a given value of δ, we can again study systematically the505

parameter space, iterating over R and B, with νpeak,p constrained506

by the data. Here, we are applying again the constraint on τvar507

(Equation 22) and the constraints on the electron distribution508

(Equations 23 and 24), though generally, in this regime, γe;break509

occurs below or very close to γe;min.510

511

One could be led to think that another constraint on the max-512

imum energy of protons in the emitting region was provided by513

their gyro-radii in the assumed homogeneous magnetic field: par-514

ticles with gyro-radius larger than R would escape the emitting re-515

gion, and should not be considered in the framework of a station-516

ary emission model. For relativistic particles, the expression of the517

gyro-radius is518

Rgyro =
m c2

e B
γ (30)

However, for the protons in the emitting region, by substituting519

the values of γp;max in Equation 30, it is easy to show that Rgyro520

is always smaller than R, i.e. even the most energetic protons521

are confined in the plasma blob , given the constraints from522

acceleration and loss time-scales.523

524

For a given bulk Doppler factor δ, the equations described525

above can be used to determine the complete set of solutions for526

a proton-synchrotron scenario by systematically scanning different527

c© 0000 RAS, MNRAS 000, 000–000

leptonic+hadronic emission: example	

 Mrk 421	




A hadronic origin for ultra-high-frequency-peaked BL Lac objects 7

Figure 1. Left: hadronic modeling of the spectral energy distribution of Mrk 421 (data points taken from Abdo et al. 2011). Data have been corrected for the
EBL absorption, which is thus not included in the model. Right: acceleration and cooling time-scales for the different particles in the emitting region.
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Figure 1. Left: hadronic modeling of the spectral energy distribution of Mrk 421 (data points taken from Abdo et al. 2011). Data have been corrected for the
EBL absorption, which is thus not included in the model. Right: acceleration and cooling time-scales for the different particles in the emitting region.
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Figure 2. Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010). left: proton-synchrotron scenario; right: lepto-hadronic
scenario. Colours are used to identify the components corresponding to the same exemplary solutions in the B-R parameter space. In the left plot, from lower to
higher energies, the SED components are: electron synchrotron emission (solid lines), synchrotron emission from cascades associated with proton synchrotron
emission (dotted lines), proton-synchrotron emission (solid line, high energies) and muon synchrotron emission (dash-dotted lines). The synchrotron lines
for several solutions have been superimposed by adjusting the particle densities. In the right plot, the visible components are: electron synchrotron emission
(solid line), proton synchrotron emission (solid lines at intermediate energies), SSC emission (dash double-dotted lines) and the sum of SSC emission and the
synchrotron emission from π0- and π±-induced cascades (dashed lines). The negligible Bethe-Heitler component has not been computed to save CPU time.
For a better view of all the secondary particles associated with p-γ interactions, see Figure 1. The exemplary SEDs correspond to magnetic field values of
70 G, 24 G, 8 G, and 3 G for the proton-synchrotron scenario, and 0.6 G, 0.4 G, and 0.3 G for the lepto-hadronic scenario. Bottom left: representation in the
B-R plane of the two distinct regions of solutions. The solid line corresponds to the equality in Equations 20, and the nearby set of solutions represents the
stripe of the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the lepto-hadronic scenario. Solutions with
R ≤ 1015 cm have been excluded. The colours and contours indicate merely the number of trials. Bottom right: same as the previous plot, but in the up/uB − L

plane. The horizontal dotted line represents the Eddington limit for M• = 109M#.

thus fully consistent with a hadronic origin of the VHE emission.869

The flare of 1ES 1218+304 was characterized by a time-scale of a870

day, which is still in agreement with the expected time-scales from871

hadronic models.872

In general, in the proton-synchrotron scenario, we would873

expect a different temporal behaviour between the low-energy874

and high-energy components, with time lags due to the different875

acceleration and cooling time-scales of the leptonic and hadronic876

particle populations. The lepto-hadronic scenarios could exhibit877

different variability patterns even within the (very) high-energy878

range, due to the different contributions from the SSC and cas-879

cade components. The SSC component, more dominant in the880

Fermi-LAT energy range, would vary simultaneously with the881

electron-synchrotron emission.882

A closer evaluation of variability would require detailed time-883

dependent modelling of the hadronic blazar emission, which884

is a complex problem, requiring a Monte-Carlo study of the885

p-γ interactions and evolution of the associated cascades. Only886

recently Dimitrakoudis et al. (2012); Mastichiadis et al. (2013);887

Weidinger & Spanier (2013) presented the first results of time-888

dependent hadronic codes.889

890

One of the open questions in blazar physics is the location891

of the γ-ray emitting region. For FSRQs and LBLs, in which the892

external photon field is important and the high-energy emission893

is dominated by EIC components, it is possible to constrain894

the location of the emitting region with respect to the SMBH895

environment, in particular the broad-line region and the accretion896
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910
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To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Figure 2. Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010). left: proton-synchrotron scenario; right: lepto-hadronic
scenario. Colours are used to identify the components corresponding to the same exemplary solutions in the B-R parameter space. In the left plot, from lower to
higher energies, the SED components are: electron synchrotron emission (solid lines), synchrotron emission from cascades associated with proton synchrotron
emission (dotted lines), proton-synchrotron emission (solid line, high energies) and muon synchrotron emission (dash-dotted lines). The synchrotron lines
for several solutions have been superimposed by adjusting the particle densities. In the right plot, the visible components are: electron synchrotron emission
(solid line), proton synchrotron emission (solid lines at intermediate energies), SSC emission (dash double-dotted lines) and the sum of SSC emission and the
synchrotron emission from π0- and π±-induced cascades (dashed lines). The negligible Bethe-Heitler component has not been computed to save CPU time.
For a better view of all the secondary particles associated with p-γ interactions, see Figure 1. The exemplary SEDs correspond to magnetic field values of
70 G, 24 G, 8 G, and 3 G for the proton-synchrotron scenario, and 0.6 G, 0.4 G, and 0.3 G for the lepto-hadronic scenario. Bottom left: representation in the
B-R plane of the two distinct regions of solutions. The solid line corresponds to the equality in Equations 20, and the nearby set of solutions represents the
stripe of the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the lepto-hadronic scenario. Solutions with
R ≤ 1015 cm have been excluded. The colours and contours indicate merely the number of trials. Bottom right: same as the previous plot, but in the up/uB − L

plane. The horizontal dotted line represents the Eddington limit for M• = 109M#.

thus fully consistent with a hadronic origin of the VHE emission.869

The flare of 1ES 1218+304 was characterized by a time-scale of a870

day, which is still in agreement with the expected time-scales from871

hadronic models.872

In general, in the proton-synchrotron scenario, we would873

expect a different temporal behaviour between the low-energy874

and high-energy components, with time lags due to the different875

acceleration and cooling time-scales of the leptonic and hadronic876

particle populations. The lepto-hadronic scenarios could exhibit877

different variability patterns even within the (very) high-energy878

range, due to the different contributions from the SSC and cas-879

cade components. The SSC component, more dominant in the880

Fermi-LAT energy range, would vary simultaneously with the881

electron-synchrotron emission.882

A closer evaluation of variability would require detailed time-883

dependent modelling of the hadronic blazar emission, which884

is a complex problem, requiring a Monte-Carlo study of the885

p-γ interactions and evolution of the associated cascades. Only886

recently Dimitrakoudis et al. (2012); Mastichiadis et al. (2013);887

Weidinger & Spanier (2013) presented the first results of time-888

dependent hadronic codes.889

890

One of the open questions in blazar physics is the location891

of the γ-ray emitting region. For FSRQs and LBLs, in which the892

external photon field is important and the high-energy emission893

is dominated by EIC components, it is possible to constrain894

the location of the emitting region with respect to the SMBH895

environment, in particular the broad-line region and the accretion896
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926
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One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Figure 2. Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010). left: proton-synchrotron scenario; right: lepto-hadronic
scenario. Colours are used to identify the components corresponding to the same exemplary solutions in the B-R parameter space. In the left plot, from lower to
higher energies, the SED components are: electron synchrotron emission (solid lines), synchrotron emission from cascades associated with proton synchrotron
emission (dotted lines), proton-synchrotron emission (solid line, high energies) and muon synchrotron emission (dash-dotted lines). The synchrotron lines
for several solutions have been superimposed by adjusting the particle densities. In the right plot, the visible components are: electron synchrotron emission
(solid line), proton synchrotron emission (solid lines at intermediate energies), SSC emission (dash double-dotted lines) and the sum of SSC emission and the
synchrotron emission from π0- and π±-induced cascades (dashed lines). The negligible Bethe-Heitler component has not been computed to save CPU time.
For a better view of all the secondary particles associated with p-γ interactions, see Figure 1. The exemplary SEDs correspond to magnetic field values of
70 G, 24 G, 8 G, and 3 G for the proton-synchrotron scenario, and 0.6 G, 0.4 G, and 0.3 G for the lepto-hadronic scenario. Bottom left: representation in the
B-R plane of the two distinct regions of solutions. The solid line corresponds to the equality in Equations 20, and the nearby set of solutions represents the
stripe of the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the lepto-hadronic scenario. Solutions with
R ≤ 1015 cm have been excluded. The colours and contours indicate merely the number of trials. Bottom right: same as the previous plot, but in the up/uB − L

plane. The horizontal dotted line represents the Eddington limit for M• = 109M#.

thus fully consistent with a hadronic origin of the VHE emission.869

The flare of 1ES 1218+304 was characterized by a time-scale of a870

day, which is still in agreement with the expected time-scales from871

hadronic models.872

In general, in the proton-synchrotron scenario, we would873

expect a different temporal behaviour between the low-energy874

and high-energy components, with time lags due to the different875

acceleration and cooling time-scales of the leptonic and hadronic876

particle populations. The lepto-hadronic scenarios could exhibit877

different variability patterns even within the (very) high-energy878

range, due to the different contributions from the SSC and cas-879

cade components. The SSC component, more dominant in the880

Fermi-LAT energy range, would vary simultaneously with the881

electron-synchrotron emission.882

A closer evaluation of variability would require detailed time-883

dependent modelling of the hadronic blazar emission, which884

is a complex problem, requiring a Monte-Carlo study of the885

p-γ interactions and evolution of the associated cascades. Only886

recently Dimitrakoudis et al. (2012); Mastichiadis et al. (2013);887

Weidinger & Spanier (2013) presented the first results of time-888

dependent hadronic codes.889

890

One of the open questions in blazar physics is the location891

of the γ-ray emitting region. For FSRQs and LBLs, in which the892

external photon field is important and the high-energy emission893

is dominated by EIC components, it is possible to constrain894

the location of the emitting region with respect to the SMBH895

environment, in particular the broad-line region and the accretion896
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Figure 2. Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010). left: proton-synchrotron scenario; right: lepto-hadronic
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thus fully consistent with a hadronic origin of the VHE emission.869

The flare of 1ES 1218+304 was characterized by a time-scale of a870

day, which is still in agreement with the expected time-scales from871

hadronic models.872

In general, in the proton-synchrotron scenario, we would873

expect a different temporal behaviour between the low-energy874

and high-energy components, with time lags due to the different875

acceleration and cooling time-scales of the leptonic and hadronic876

particle populations. The lepto-hadronic scenarios could exhibit877

different variability patterns even within the (very) high-energy878

range, due to the different contributions from the SSC and cas-879

cade components. The SSC component, more dominant in the880

Fermi-LAT energy range, would vary simultaneously with the881

electron-synchrotron emission.882

A closer evaluation of variability would require detailed time-883

dependent modelling of the hadronic blazar emission, which884

is a complex problem, requiring a Monte-Carlo study of the885

p-γ interactions and evolution of the associated cascades. Only886

recently Dimitrakoudis et al. (2012); Mastichiadis et al. (2013);887

Weidinger & Spanier (2013) presented the first results of time-888

dependent hadronic codes.889

890

One of the open questions in blazar physics is the location891

of the γ-ray emitting region. For FSRQs and LBLs, in which the892

external photon field is important and the high-energy emission893

is dominated by EIC components, it is possible to constrain894

the location of the emitting region with respect to the SMBH895

environment, in particular the broad-line region and the accretion896
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.
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more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902
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angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904
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models the location of the γ-ray emitting region is even less well906
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X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918
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energy is determined by adiabatic losses instead of synchrotron921
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cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949
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magnetic field, and is expected to dominate for distant blazars,951
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Figure A1. Same as Figure 2, for 1ES 0229+200, using data from Aliu et al. (2014).

c© 0000 RAS, MNRAS 000, 000–000

12 M. Cerruti et al.
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γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928
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with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932
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scenario, and one order of magnitude lower for the lepto-hadronic934
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considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938
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studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.
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possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910
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To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938
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In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952
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Figure A1. Same as Figure 2, for 1ES 0229+200, using data from Aliu et al. (2014).
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Table 4. Parameters used for the hadronic modelling of our sources (lepto-hadronic scenario).

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 3.2 0.6 − 3.2 0.3 − 0.8 5.0 − 10 0.2 − 0.9

B [G] 0.1 − 1.4 0.1 − 0.7 0.3 − 0.6 0.1 − 0.2 0.2 − 1.8
"uB [erg cm-3] 3.0 × 10−4 − 0.08 6.2 × 10−4 − 0.02 3.6 × 10−3 − 0.01 (0.5 − 2.4) × 10−3 4.4 × 10−4 − 0.1

γe,min [102] 0.01 47 − 108 0.01 100 − 150 37 − 103
γe,break [103] 3.9 − 31 4.7 − 15 12 − 18 10 − 15 3.7 − 14
γe,max [105] 3.4 − 14 2.6 − 5.9 4.6 − 6.5 1.5 − 2.3 0.6 − 1.7
αe,1 = αp,1 1.3 1.7 1.5 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.5 2.7 2.7
Ke [cm-3] 5.6 × 10−3 − 1.5 2.9 − 135 2.7 − 29 0.5 − 3.5 26 − 2190
"ue [erg cm-3] 1.4 × 10−5− 4.2 × 10−5− 1.0 × 10−3− 7.3 × 10−6− 3.0 × 10−4−

2.2 × 10−2 2.4 × 10−3 9.2 × 10−3 4.9 × 10−5 0.03

γp,min 1 1 1 1 1
γp,break[109] = γp,max = γp,max = γp,max = γp,max = γp,max

γp,max[109] 0.06 − 0.3 0.15 − 0.45 0.1 − 0.15 0.6 − 1.0 0.08 − 0.4
η = Kp/Ke 0.1 − 0.8 0.1 − 0.3 0.04 − 0.1 0.05 − 0.1 0.1 − 0.4
"up [erg cm-3] 2.3 − 238 1.7 − 21 9.3 − 28 0.1 − 0.3 1.7 − 370

"up/uB[103] 2.6 − 8.7 0.9 − 4.0 1.8 − 2.9 0.1 − 0.2 1.3 − 18
"L [1045 erg s-1 ] 4 − 57 15 − 44 3.9 − 12 17 − 27 14 − 57

For a description, see Table 3.

the observer); a self-consistent model linking the two contribution955

would be a natural evolution of the present code, and will be the956

object of further studies.957

958

The presence of secondary components in the GeV-TeV959

energy band could represent indeed a tool to distinguish hadronic960

models from (one-zone) SSC scenarios. As can be seen in Fig.961

1, synchrotron emission by secondary cascades can produce a962

spectral hardening in the observed TeV spectrum, which could963

be hardly explained by standard SSC models. There is increasing964

evidence that a hardening of the TeV emission is already seen in965

the VHE spectra of BL Lac objects (Horns & Meyer 2012). Even966

though the current generation of Cherenkov telescopes probably967

would not be able to confirm this hard excess, such a feature968

could be measurable with the future Cherenkov Telescope Array969

(CTA) (Actis et al. 2011), as shown by Zech & Cerruti (2013). A970

systematic study of the parameter space to estimate the strength of971

this ”cascade-bump” as a function of the model parameters and the972

perspectives for CTA observations is currently in preparation and973

will be discussed in a separate publication.974

975

Given the constraints described in Section 2.3, the (lepto-)976

hadronic modelling of UBHLs does not result in universal spec-977

tral features, but the coexistence of several spectral components978

at high energies in the lepto-hadronic scenario could lead to dis-979

cernible shapes in certain cases. The emergence of additional com-980

ponents at intermediate energies — from cascade emission and981

proton-synchrotron photons (for low B-fields) — is another sig-982

nature of these models, although difficult to detect due to a lack of983

instrumental coverage at energies below the Fermi-LAT band and984

above current X-ray telescopes. A combination of spectral and tim-985

ing analysis with multi-wavelength data, including the large energy986

coverage at (very) high energies of CTA, will be the most promising987

approach to probe the different emission scenarios of these sources.988

6 CONCLUSIONS989

We propose an alternative interpretation of the SEDs of the990

currently known UHBLs. Within a hadronic framework, the991

spectral emission can be explained without the need for extreme992

bulk Doppler factors (in all the models δ was fixed equal to 30)993

or minimum Lorentz factors of the radiating particle distribution994

(which is around 102−3, two order of magnitudes lower than that995

required by SSC models). A disadvantage of this interpretation lies996

in the very hard particle spectra necessary under the assumption997

of simple synchrotron cooling and co-acceleration of leptons998

and protons. This points either to an unconventional acceleration999

mechanism or to the need of relaxing those constraints.1000

1001

In a systematic approach, we have identified, for the first time,1002

the complete parameter space in which hadronic interpretations1003

of the high-energy bumps for the known UHBLs can be found.1004

These solutions are grouped into two distinct regions in the1005

B-R parameter space corresponding to the dominance of either1006

proton-synchrotron or cascade emission.1007

1008

The hadronic solutions proposed here lead to values for the1009

jet power in agreement with an upper limit given by Eddington1010

luminosity. However, they are several orders of magnitude away1011
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Fig. 2. Top: modelling of the SED of 1ES 0229+200; left: proton-synchrotron scenario; right: lepto-hadronic scenario. Bottom left: represen-
tation in the B-R plane of all the hadronic solutions. The solid line corresponds to the equality in Equations 22, and the nearby set of solutions
represents the stripe of the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the lepto-
hadronic scenario. Solutions with R  1015 cm have been excluded. Bottom right: same as the previous plot, but in the up/uB � L plane. The
horizontal dotted line represents the Eddington limit for M• = 109 M�.

to unity. An equipartition scenario is appealing in particular1

because it provides the minimum power of the emitting region,2

and has been successfully applied in leptonic blazar modelling3

(see e.g. Dermer et al. 2014). None of our models is close to4

equipartition: the best cases are up/uB ' 0.02 and ' 150 for the5

proton synchrotron and the lepto-hadronic scenario, respectively.6

7

Concerning the observed variability, hadronic models8

are usually excluded in case of detection of rapid flares (see9

however Barkov et al. 2012). For the proton-synchrotron and the10

lepto-hadronic scenarios the associated variability time-scales11

(at VHE) are respectively the proton synchrotron cooling or the12

development of synchrotron-pair cascades, which depends on13

the time-scale of proton-photon interactions. Both are longer14

than a day, and cannot thus be associated to minute-long flares,15

as shown by Aharonian et al. (2007b) or Arlen et al. (2013).16

With the exception of 1ES 1218+304, none of the sources under17

study showed any significant �-ray flare: they are thus fully18

consistent with a hadronic origin of the VHE emission. The19

flare of 1ES 1218+304 was characterized by a time-scale of a20

day, which is still in agreement with the expected time-scales21

from hadronic models. Detailed time-dependent modeling of22

hadronic blazar emission is a complex problem, requiring a23

Monte-Carlo study of the p-� interactions and evolution of24

the associated cascades. Only recently Dimitrakoudis et al.25

(2012); Mastichiadis et al. (2013); Weidinger & Spanier (2013)26

presented the first results of time-dependent hadronic codes.27

28

One of the open questions in blazar physics is the location29

of the �-ray emitting region. For FSRQs and LBLs, in which30

the external photon field is important and the high-energy31

emission is dominated by EIC components, it is possible to32

constrain the location of the emitting region with respect to the33

SMBH environment, in particular the broad-line region and the34

accretion disk (see Cerruti et al. 2013b; Dermer et al. 2014). For35

HBLs it is more di�cult to estimate the location of the emitting36

region. One possibility is to assume a specific jet structure37

(conical) and that the emitting region fills the entire jet section:38
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.
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detection of hard and distant blazars with IACTs. In our work,946
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assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949
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magnetic field, and is expected to dominate for distant blazars,951
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Fig. 2. Top: modelling of the SED of 1ES 0229+200; left: proton-synchrotron scenario; right: lepto-hadronic scenario. Bottom left: represen-
tation in the B-R plane of all the hadronic solutions. The solid line corresponds to the equality in Equations 22, and the nearby set of solutions
represents the stripe of the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the lepto-
hadronic scenario. Solutions with R  1015 cm have been excluded. Bottom right: same as the previous plot, but in the up/uB � L plane. The
horizontal dotted line represents the Eddington limit for M• = 109 M�.

to unity. An equipartition scenario is appealing in particular1

because it provides the minimum power of the emitting region,2

and has been successfully applied in leptonic blazar modelling3

(see e.g. Dermer et al. 2014). None of our models is close to4

equipartition: the best cases are up/uB ' 0.02 and ' 150 for the5

proton synchrotron and the lepto-hadronic scenario, respectively.6

7

Concerning the observed variability, hadronic models8

are usually excluded in case of detection of rapid flares (see9

however Barkov et al. 2012). For the proton-synchrotron and the10

lepto-hadronic scenarios the associated variability time-scales11

(at VHE) are respectively the proton synchrotron cooling or the12

development of synchrotron-pair cascades, which depends on13

the time-scale of proton-photon interactions. Both are longer14

than a day, and cannot thus be associated to minute-long flares,15

as shown by Aharonian et al. (2007b) or Arlen et al. (2013).16

With the exception of 1ES 1218+304, none of the sources under17

study showed any significant �-ray flare: they are thus fully18

consistent with a hadronic origin of the VHE emission. The19

flare of 1ES 1218+304 was characterized by a time-scale of a20

day, which is still in agreement with the expected time-scales21

from hadronic models. Detailed time-dependent modeling of22

hadronic blazar emission is a complex problem, requiring a23

Monte-Carlo study of the p-� interactions and evolution of24

the associated cascades. Only recently Dimitrakoudis et al.25

(2012); Mastichiadis et al. (2013); Weidinger & Spanier (2013)26

presented the first results of time-dependent hadronic codes.27

28

One of the open questions in blazar physics is the location29

of the �-ray emitting region. For FSRQs and LBLs, in which30

the external photon field is important and the high-energy31

emission is dominated by EIC components, it is possible to32

constrain the location of the emitting region with respect to the33

SMBH environment, in particular the broad-line region and the34

accretion disk (see Cerruti et al. 2013b; Dermer et al. 2014). For35

HBLs it is more di�cult to estimate the location of the emitting36

region. One possibility is to assume a specific jet structure37

(conical) and that the emitting region fills the entire jet section:38
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902
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angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904
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models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908
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the minimum size of the emission region at 1015 cm).910
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have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926
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a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933
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considered in this work, γp;max would thus not be sufficient to936
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on Earth.938
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Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941
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the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)
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The luminosity of the emitting region has been calculated as L = πR2cΓ2
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(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.
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lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910
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have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916
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expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954
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Table 4. Parameters used for the hadronic modelling of our sources (lepto-hadronic scenario).

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 3.2 0.6 − 3.2 0.3 − 0.8 5.0 − 10 0.2 − 0.9

B [G] 0.1 − 1.4 0.1 − 0.7 0.3 − 0.6 0.1 − 0.2 0.2 − 1.8
"uB [erg cm-3] 3.0 × 10−4 − 0.08 6.2 × 10−4 − 0.02 3.6 × 10−3 − 0.01 (0.5 − 2.4) × 10−3 4.4 × 10−4 − 0.1

γe,min [102] 0.01 47 − 108 0.01 100 − 150 37 − 103
γe,break [103] 3.9 − 31 4.7 − 15 12 − 18 10 − 15 3.7 − 14
γe,max [105] 3.4 − 14 2.6 − 5.9 4.6 − 6.5 1.5 − 2.3 0.6 − 1.7
αe,1 = αp,1 1.3 1.7 1.5 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.5 2.7 2.7
Ke [cm-3] 5.6 × 10−3 − 1.5 2.9 − 135 2.7 − 29 0.5 − 3.5 26 − 2190
"ue [erg cm-3] 1.4 × 10−5− 4.2 × 10−5− 1.0 × 10−3− 7.3 × 10−6− 3.0 × 10−4−

2.2 × 10−2 2.4 × 10−3 9.2 × 10−3 4.9 × 10−5 0.03

γp,min 1 1 1 1 1
γp,break[109] = γp,max = γp,max = γp,max = γp,max = γp,max

γp,max[109] 0.06 − 0.3 0.15 − 0.45 0.1 − 0.15 0.6 − 1.0 0.08 − 0.4
η = Kp/Ke 0.1 − 0.8 0.1 − 0.3 0.04 − 0.1 0.05 − 0.1 0.1 − 0.4
"up [erg cm-3] 2.3 − 238 1.7 − 21 9.3 − 28 0.1 − 0.3 1.7 − 370

"up/uB[103] 2.6 − 8.7 0.9 − 4.0 1.8 − 2.9 0.1 − 0.2 1.3 − 18
"L [1045 erg s-1 ] 4 − 57 15 − 44 3.9 − 12 17 − 27 14 − 57

For a description, see Table 3.

the observer); a self-consistent model linking the two contribution955

would be a natural evolution of the present code, and will be the956

object of further studies.957

958

The presence of secondary components in the GeV-TeV959

energy band could represent indeed a tool to distinguish hadronic960

models from (one-zone) SSC scenarios. As can be seen in Fig.961

1, synchrotron emission by secondary cascades can produce a962

spectral hardening in the observed TeV spectrum, which could963

be hardly explained by standard SSC models. There is increasing964

evidence that a hardening of the TeV emission is already seen in965

the VHE spectra of BL Lac objects (Horns & Meyer 2012). Even966

though the current generation of Cherenkov telescopes probably967

would not be able to confirm this hard excess, such a feature968

could be measurable with the future Cherenkov Telescope Array969

(CTA) (Actis et al. 2011), as shown by Zech & Cerruti (2013). A970

systematic study of the parameter space to estimate the strength of971

this ”cascade-bump” as a function of the model parameters and the972

perspectives for CTA observations is currently in preparation and973

will be discussed in a separate publication.974

975

Given the constraints described in Section 2.3, the (lepto-)976

hadronic modelling of UBHLs does not result in universal spec-977

tral features, but the coexistence of several spectral components978

at high energies in the lepto-hadronic scenario could lead to dis-979

cernible shapes in certain cases. The emergence of additional com-980

ponents at intermediate energies — from cascade emission and981

proton-synchrotron photons (for low B-fields) — is another sig-982

nature of these models, although difficult to detect due to a lack of983

instrumental coverage at energies below the Fermi-LAT band and984

above current X-ray telescopes. A combination of spectral and tim-985

ing analysis with multi-wavelength data, including the large energy986

coverage at (very) high energies of CTA, will be the most promising987

approach to probe the different emission scenarios of these sources.988

6 CONCLUSIONS989

We propose an alternative interpretation of the SEDs of the990

currently known UHBLs. Within a hadronic framework, the991

spectral emission can be explained without the need for extreme992

bulk Doppler factors (in all the models δ was fixed equal to 30)993

or minimum Lorentz factors of the radiating particle distribution994

(which is around 102−3, two order of magnitudes lower than that995

required by SSC models). A disadvantage of this interpretation lies996

in the very hard particle spectra necessary under the assumption997

of simple synchrotron cooling and co-acceleration of leptons998

and protons. This points either to an unconventional acceleration999

mechanism or to the need of relaxing those constraints.1000

1001

In a systematic approach, we have identified, for the first time,1002

the complete parameter space in which hadronic interpretations1003

of the high-energy bumps for the known UHBLs can be found.1004

These solutions are grouped into two distinct regions in the1005

B-R parameter space corresponding to the dominance of either1006

proton-synchrotron or cascade emission.1007

1008

The hadronic solutions proposed here lead to values for the1009

jet power in agreement with an upper limit given by Eddington1010

luminosity. However, they are several orders of magnitude away1011
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Table 4. Parameters used for the hadronic modelling of our sources (lepto-hadronic scenario).

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 3.2 0.6 − 3.2 0.3 − 0.8 5.0 − 10 0.2 − 0.9

B [G] 0.1 − 1.4 0.1 − 0.7 0.3 − 0.6 0.1 − 0.2 0.2 − 1.8
"uB [erg cm-3] 3.0 × 10−4 − 0.08 6.2 × 10−4 − 0.02 3.6 × 10−3 − 0.01 (0.5 − 2.4) × 10−3 4.4 × 10−4 − 0.1

γe,min [102] 0.01 47 − 108 0.01 100 − 150 37 − 103
γe,break [103] 3.9 − 31 4.7 − 15 12 − 18 10 − 15 3.7 − 14
γe,max [105] 3.4 − 14 2.6 − 5.9 4.6 − 6.5 1.5 − 2.3 0.6 − 1.7
αe,1 = αp,1 1.3 1.7 1.5 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.5 2.7 2.7
Ke [cm-3] 5.6 × 10−3 − 1.5 2.9 − 135 2.7 − 29 0.5 − 3.5 26 − 2190
"ue [erg cm-3] 1.4 × 10−5− 4.2 × 10−5− 1.0 × 10−3− 7.3 × 10−6− 3.0 × 10−4−

2.2 × 10−2 2.4 × 10−3 9.2 × 10−3 4.9 × 10−5 0.03

γp,min 1 1 1 1 1
γp,break[109] = γp,max = γp,max = γp,max = γp,max = γp,max

γp,max[109] 0.06 − 0.3 0.15 − 0.45 0.1 − 0.15 0.6 − 1.0 0.08 − 0.4
η = Kp/Ke 0.1 − 0.8 0.1 − 0.3 0.04 − 0.1 0.05 − 0.1 0.1 − 0.4
"up [erg cm-3] 2.3 − 238 1.7 − 21 9.3 − 28 0.1 − 0.3 1.7 − 370

"up/uB[103] 2.6 − 8.7 0.9 − 4.0 1.8 − 2.9 0.1 − 0.2 1.3 − 18
"L [1045 erg s-1 ] 4 − 57 15 − 44 3.9 − 12 17 − 27 14 − 57

For a description, see Table 3.

the observer); a self-consistent model linking the two contribution955

would be a natural evolution of the present code, and will be the956

object of further studies.957

958

The presence of secondary components in the GeV-TeV959

energy band could represent indeed a tool to distinguish hadronic960

models from (one-zone) SSC scenarios. As can be seen in Fig.961

1, synchrotron emission by secondary cascades can produce a962

spectral hardening in the observed TeV spectrum, which could963

be hardly explained by standard SSC models. There is increasing964

evidence that a hardening of the TeV emission is already seen in965

the VHE spectra of BL Lac objects (Horns & Meyer 2012). Even966

though the current generation of Cherenkov telescopes probably967

would not be able to confirm this hard excess, such a feature968

could be measurable with the future Cherenkov Telescope Array969

(CTA) (Actis et al. 2011), as shown by Zech & Cerruti (2013). A970

systematic study of the parameter space to estimate the strength of971

this ”cascade-bump” as a function of the model parameters and the972

perspectives for CTA observations is currently in preparation and973

will be discussed in a separate publication.974

975

Given the constraints described in Section 2.3, the (lepto-)976

hadronic modelling of UBHLs does not result in universal spec-977

tral features, but the coexistence of several spectral components978

at high energies in the lepto-hadronic scenario could lead to dis-979

cernible shapes in certain cases. The emergence of additional com-980

ponents at intermediate energies — from cascade emission and981

proton-synchrotron photons (for low B-fields) — is another sig-982

nature of these models, although difficult to detect due to a lack of983

instrumental coverage at energies below the Fermi-LAT band and984

above current X-ray telescopes. A combination of spectral and tim-985

ing analysis with multi-wavelength data, including the large energy986

coverage at (very) high energies of CTA, will be the most promising987

approach to probe the different emission scenarios of these sources.988

6 CONCLUSIONS989

We propose an alternative interpretation of the SEDs of the990

currently known UHBLs. Within a hadronic framework, the991

spectral emission can be explained without the need for extreme992

bulk Doppler factors (in all the models δ was fixed equal to 30)993

or minimum Lorentz factors of the radiating particle distribution994

(which is around 102−3, two order of magnitudes lower than that995

required by SSC models). A disadvantage of this interpretation lies996

in the very hard particle spectra necessary under the assumption997

of simple synchrotron cooling and co-acceleration of leptons998

and protons. This points either to an unconventional acceleration999

mechanism or to the need of relaxing those constraints.1000

1001

In a systematic approach, we have identified, for the first time,1002

the complete parameter space in which hadronic interpretations1003

of the high-energy bumps for the known UHBLs can be found.1004

These solutions are grouped into two distinct regions in the1005

B-R parameter space corresponding to the dominance of either1006

proton-synchrotron or cascade emission.1007

1008

The hadronic solutions proposed here lead to values for the1009

jet power in agreement with an upper limit given by Eddington1010

luminosity. However, they are several orders of magnitude away1011
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Table 3. Parameters used for the hadronic modelling of our sources (proton-synchrotron scenario)

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 68 0.1 − 65 0.1 − 67 0.1 − 66 0.1 − 6.6

B [G] 1.0 − 160 1.0 − 137 1.0 − 90 1.0 − 133 3.4 − 210
"uB [erg cm-3] 0.04 − 1017 0.04 − 750 0.04 − 320 0.04 − 704 0.5 − 1770

γe,min [102] 1.6 − 20 3.2 − 38 0.01 4.3 − 50 3.4 − 27
γe,break [103] = γe,min = γe,min 0.001 − 0.03 = γe,min = γe,min

γe,max [105] 0.3 − 4.1 0.2 − 2.1 0.4 − 3.7 0.07 − 0.8 0.06 − 0.5
αe,1 = αp,1 1.3 1.7 1.35 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.35 2.7 2.7
Ke [cm-3] 7.0 × 10−8 − 0.36 0.05 − 1.6 × 104 7.3 × 10−5 − 130 0.3 − 7.2 × 104 3.2 × 10−3 − 1.0 × 104

"ue [erg cm-3] 2.2 × 10−11− 5.7 × 10−7 1.6 × 10−9− 2.6 × 10−6− 2.6 × 10−8−
3.2 × 10−5 0.1 6.4 × 10−4 0.4 0.05

γp,min 1 1 1 1 1
γp,break[109] 2.6 − 57 3.5 − 56 3.9 − 47 3.7 − 56 1.5 − 26
γp,max[109] 4.8 − 57 4.8 − 56 3.9 − 47 4.8 − 56 3.5 − 26
η (9.7 − 19) × 10−6 (0.7 − 12) × 10−6 (1.0 − 7.2) × 10−7 (0.2 − 2.6) × 10−6 2.1 × 10−6 − 0.02
"up [erg cm-3] 6.1 × 10−8 − 0.08 4.9 × 10−7 − 0.5 3.0 × 10−7 − 0.2 5.4 × 10−7 − 0.5 5.9 × 10−5 − 2.5

"up/uB[10−5] 0.04 − 36 0.4 − 220 0.3 − 200 0.5 − 25 0.9 − 2.1 × 103

"L [1045 erg s-1 ] 4.6 − 1670 4.6 − 120 3.2 − 460 4.6 − 1120 2.6 − 610

The luminosity of the emitting region has been calculated as L = πR2cΓ2
bulk

(uB + ue + up), where Γbulk = 2δ. The quantities flagged with a star are derived
quantities and not model parameters.

disk (see Cerruti et al. 2013; Dermer et al. 2014). For HBLs it is897

more difficult to estimate the location of the emitting region. One898

possibility is to assume a specific jet structure (conical) and that899

the emitting region fills the entire jet section. In this case R can be900

expressed as a function of the distance r from the central SMBH901

(see Ghisellini et al. 1985; Moderski et al. 2003; Potter & Cotter902

2012). For the models presented here, assuming a jet aperture903

angle ψ # 10◦ and r # R/ tanψ, we can estimate r # 40 − 2000 RG904

for the lepto-hadronic solutions, while for the proton-synchrotron905

models the location of the γ-ray emitting region is even less well906

constrained, being contained between 40 and 2.5 × 104 RG (the907

lower values being associated to lower power and equipartition908

closer to unity, with a limit at 40 RG due to our arbitrary choice of909

the minimum size of the emission region at 1015 cm).910

911

To reduce the number of free parameters of the models, we912

have tied the maximum proton energy to the acceleration and cool-913

ing time-scales, and thus the magnetic field B and the size R. The914

maximum electron energy, on the other hand, is constrained by the915

X-ray observations, which sample the peak of the low-energy com-916

ponent of the SED. An important information on the acceleration917

mechanism can indeed be extracted from the ratio γp;max/γe;max:918

if the acceleration takes place in the Bohm diffusion regime we919

expect γp;max/γe;max = mp/me (or lower, if the maximum proton920

energy is determined by adiabatic losses instead of synchrotron921

losses). All our models are instead characterized by much higher922

ratios, which can be accessible in the presence of Kolmogorov923

or Kraichnan turbulence. This is consistent with earlier studies,924

as discussed in Kolmogorov (1991); Kraichnan & Montgomery925

(1980); Mücke & Protheroe (2001, and references therein).926

927

One of the main goals of AGN hadronic modeling is to study928

a potential link between photons and cosmic-rays detected at Earth.929

In particular, the detection in blazar spectra of emission associated930

with energetic protons would strongly confirm AGN as the source931

of extra-galactic cosmic rays. In all our models, the maximum932

proton energy is around 1018−19 eV (for the proton-synchrotron933

scenario, and one order of magnitude lower for the lepto-hadronic934

one). Under the simple hypothesis for the acceleration time-scale935

considered in this work, γp;max would thus not be sufficient to936

explain the most energetic cosmic rays (up to 1020 eV) measured937

on Earth.938

939

In recent years several authors (e.g. Essey & Kusenko 2010;940

Dermer et al. 2012; Murase et al. 2012; Tavecchio 2014) have941

studied the possibility that the blazar γ-ray emission is not942

produced at the source but rather along the path from the AGN to943

the observer. Observed γ-rays would be due to the interactions of944

cosmic-rays with the EBL and the CMB, and could explain the945

detection of hard and distant blazars with IACTs. In our work,946

we did not consider this component, and implicitly made the947

assumption that the emission at the source dominates over every948

other emission. In addition, such cascade contribution depends949

strongly on the strength and distribution of the inter-galactic950

magnetic field, and is expected to dominate for distant blazars,951

while all our sources are located at z < 0.2. Interestingly, there are952

no models in the literature studying both components (hadronic953

emission in the source and UHECR cascade in the path towards954

c© 0000 RAS, MNRAS 000, 000–000

proton synchrotron	


pγ cascade+SSC	


A hadronic origin for ultra-high-frequency-peaked BL Lac objects 13

Table 4. Parameters used for the hadronic modelling of our sources (lepto-hadronic scenario).

1ES 0229+200 1ES 0347-121 RGB J0710+591 1ES 1101-232 1ES 1218+304

z 0.140 0.188 0.125 0.186 0.184
δ 30 30 30 30 30
Rsrc [1016 cm] 0.1 − 3.2 0.6 − 3.2 0.3 − 0.8 5.0 − 10 0.2 − 0.9

B [G] 0.1 − 1.4 0.1 − 0.7 0.3 − 0.6 0.1 − 0.2 0.2 − 1.8
"uB [erg cm-3] 3.0 × 10−4 − 0.08 6.2 × 10−4 − 0.02 3.6 × 10−3 − 0.01 (0.5 − 2.4) × 10−3 4.4 × 10−4 − 0.1

γe,min [102] 0.01 47 − 108 0.01 100 − 150 37 − 103
γe,break [103] 3.9 − 31 4.7 − 15 12 − 18 10 − 15 3.7 − 14
γe,max [105] 3.4 − 14 2.6 − 5.9 4.6 − 6.5 1.5 − 2.3 0.6 − 1.7
αe,1 = αp,1 1.3 1.7 1.5 1.7 1.7
αe,2 = αp,2 2.3 2.7 2.5 2.7 2.7
Ke [cm-3] 5.6 × 10−3 − 1.5 2.9 − 135 2.7 − 29 0.5 − 3.5 26 − 2190
"ue [erg cm-3] 1.4 × 10−5− 4.2 × 10−5− 1.0 × 10−3− 7.3 × 10−6− 3.0 × 10−4−

2.2 × 10−2 2.4 × 10−3 9.2 × 10−3 4.9 × 10−5 0.03

γp,min 1 1 1 1 1
γp,break[109] = γp,max = γp,max = γp,max = γp,max = γp,max

γp,max[109] 0.06 − 0.3 0.15 − 0.45 0.1 − 0.15 0.6 − 1.0 0.08 − 0.4
η = Kp/Ke 0.1 − 0.8 0.1 − 0.3 0.04 − 0.1 0.05 − 0.1 0.1 − 0.4
"up [erg cm-3] 2.3 − 238 1.7 − 21 9.3 − 28 0.1 − 0.3 1.7 − 370

"up/uB[103] 2.6 − 8.7 0.9 − 4.0 1.8 − 2.9 0.1 − 0.2 1.3 − 18
"L [1045 erg s-1 ] 4 − 57 15 − 44 3.9 − 12 17 − 27 14 − 57

For a description, see Table 3.

the observer); a self-consistent model linking the two contribution955

would be a natural evolution of the present code, and will be the956

object of further studies.957

958

The presence of secondary components in the GeV-TeV959

energy band could represent indeed a tool to distinguish hadronic960

models from (one-zone) SSC scenarios. As can be seen in Fig.961

1, synchrotron emission by secondary cascades can produce a962

spectral hardening in the observed TeV spectrum, which could963

be hardly explained by standard SSC models. There is increasing964

evidence that a hardening of the TeV emission is already seen in965

the VHE spectra of BL Lac objects (Horns & Meyer 2012). Even966

though the current generation of Cherenkov telescopes probably967

would not be able to confirm this hard excess, such a feature968

could be measurable with the future Cherenkov Telescope Array969

(CTA) (Actis et al. 2011), as shown by Zech & Cerruti (2013). A970

systematic study of the parameter space to estimate the strength of971

this ”cascade-bump” as a function of the model parameters and the972

perspectives for CTA observations is currently in preparation and973

will be discussed in a separate publication.974

975

Given the constraints described in Section 2.3, the (lepto-)976

hadronic modelling of UBHLs does not result in universal spec-977

tral features, but the coexistence of several spectral components978

at high energies in the lepto-hadronic scenario could lead to dis-979

cernible shapes in certain cases. The emergence of additional com-980

ponents at intermediate energies — from cascade emission and981

proton-synchrotron photons (for low B-fields) — is another sig-982

nature of these models, although difficult to detect due to a lack of983

instrumental coverage at energies below the Fermi-LAT band and984

above current X-ray telescopes. A combination of spectral and tim-985

ing analysis with multi-wavelength data, including the large energy986

coverage at (very) high energies of CTA, will be the most promising987

approach to probe the different emission scenarios of these sources.988

6 CONCLUSIONS989

We propose an alternative interpretation of the SEDs of the990

currently known UHBLs. Within a hadronic framework, the991

spectral emission can be explained without the need for extreme992

bulk Doppler factors (in all the models δ was fixed equal to 30)993

or minimum Lorentz factors of the radiating particle distribution994

(which is around 102−3, two order of magnitudes lower than that995

required by SSC models). A disadvantage of this interpretation lies996

in the very hard particle spectra necessary under the assumption997

of simple synchrotron cooling and co-acceleration of leptons998

and protons. This points either to an unconventional acceleration999

mechanism or to the need of relaxing those constraints.1000

1001

In a systematic approach, we have identified, for the first time,1002

the complete parameter space in which hadronic interpretations1003

of the high-energy bumps for the known UHBLs can be found.1004

These solutions are grouped into two distinct regions in the1005

B-R parameter space corresponding to the dominance of either1006

proton-synchrotron or cascade emission.1007

1008

The hadronic solutions proposed here lead to values for the1009

jet power in agreement with an upper limit given by Eddington1010

luminosity. However, they are several orders of magnitude away1011
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Ep,max<~1017 eV, insufficient for highest E UHECRs�	




gamma-rays (+UHECRs) from���
ultra-fast-outflows (UFOs ~ AGN winds)	



Ruo-Yu Liu, SI, in prep.	




ultra-fast outflows (UFOs) in AGN 	



Giustini+ 11�

blue-shifted X-ray absorption lines	

- ~40 % of all AGNs	


  both radio-quiet/radio-loud 	


- fast outflow: v~0.05-0.3c	


- highly ionized:	


  Fe XXV/XXVI	


  ξi~103-106 erg s-1 cm	



- high column density:	


  NH~1022-1024 cm-2	



- variable: tvar>~ks	





ultra-fast outflows (UFOs) in AGN 	



Tombesi+ 13 �

velocity	


vs radius �

Lkin vs Lrad �

- R~0.0003-0.03 pc	


    (~102-104 Rs)	


- M~0.01-1 Msun/yr	


  Lkin~0.01-1 Ledd	


- broad opening angle	


   independent of relativistic jet	





UFO external shock 	

 Faucher-Giguere & Quataert 12 �

Bourne & Nayakshin 13 �

2T structure?�

Compton upscattered X-rays	


from shocked thermal plasma	


potentially observable �

- mechanical/thermal feedback on host galaxy gas	


   -> origin of MBH - σbulge correlation?	


- particle acceleration and nonthermal emission?	



expected radii Rs~0.1-10 pc�



radio-quiet AGN with UFO	



Ackermann+ 12	


ESO 323-G77	


correlation with Auger UHECR event	
 Nemmen+ 10, Jiang+ 10 	


known (relatively slow) UFO -> UFO as UFO?	


2/120 Seyferts with GeV association -> chance coincidence?	




UFO shocks: electron & proton acceleration 	


MBH=108 Msun, vout=0.1c, Lkin=1045 erg/s ~ 0.1 Ledd	


B2/8π=εB Lkin/4π R2 vout	


dynamical tdyn=R/vout, tlc=Rs/c=500 s	


	


acceleration tacc~10 (vs/c)-2 E/ceB	


	


electron loss	


tesyn=3 me

2c3/4σTuBEe	


teIC=3 me

2c3/4σTuphEe	


	


proton loss	


tpp=(κppσppnpc)-1	


tpγ ∝ ∫ κpγ(x)σpγ(x)x dx ∫ nph(x)dx)-1 x=hv/mec2	



Liu & SI	


in prep. 	
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UFO external shock	

 R=0.1 pc -> Beq~3 G, np~5x103 cm-3	



E [GeV]	


t/tlc	


tdyn	


tacc	
teEC	


tesyn	


electrons up to ~1 TeV, cooling for ~<10 MeV  NB: γγ	


protons up to ~3x1018 eV (Fe up to ~1020 eV)	




model results	

 ESO 323-G77	
R=0.03pc, B=1G (εB~0.1)	


Le=2x1044 erg/s, Lnuc=1044 erg/s	



EC dominant	


GeV steepening by KN effects? (possibly also γγ)	


necessary Le rather high?	


dust	

nucleus?	


EC	


SSC	


syn	


O(2) IC	




model results	

 ESO 323-G77	
R=0.03pc, B=3G (εB~1)	


Le=2x1044 erg/s, Lnuc=1044 erg/s	



nucleus?	


syn	


EC	

SSC	


O(2) IC	


EC+SSC	


X-ray nonthermal?	


B=3G may allow UHECR acceleration with Fe?	


NB variability possible	


dust	




UHECR events: correlations with LAT AGN	


also Jiang+ 10 	

Nemmen+ 10	



ESO 323-G77	


Blue: Auger events E>57 EeV	


Black: AGN with z<0.048 (GZK) in Auger FOV	


5.4σ correlation on 17deg scale	




radio-loud AGNs with UFOs	

 Kataoka+ 11	

2/18 broad-line radio galaxies detected at GeV	



stronger than average core radio emission	


-> jet emission at intermediate viewing angle? 	



50+-20% radio-loud galaxies found to have UFOs	



3/5 broad-line radio galaxies found to have UFOs	



Tombesi+ 14	




model results	

 3C120	
R=1pc, B=10-4 G (εB~10-4)	


Le=3x1045 erg/s, Lnuc=1044 erg/s	



EC dominant	


GeV steepening by KN effects? (possibly also γγ)	


necessary Le rather high?	


dust+jet?	
 nucleus+jet?	


EC	


SSC	
syn	


jet	




まとめ	



-  proton synchrotron�or pγ cascade+SSCによる説明が可能	


  無理のないγe,min, LでOK	


  ハードな陽子スペクトルは必要 -> 加速機構？	


  UHECRは困難	



- �SSCモデルでは異常なγe,min, δの値が必要	


hadronic emission from UHF-peaked BL Lacs	


- �将来的に時間分解スペクトルで識別�-> CTA	


gamma-rays (+UHECRs) from ultra-fast outflows	

- ジェットの有無に関わらず、AGNの多く（4割）で	


  高速（光速の数割）、強力（LEddの数割）のoutflow	


- 母銀河へのfeedbackと共に粒子加速・非熱的放射の可能性	


- UFO伴うSeyfert ESO323-G77のGeV�γ（？）説明可能	


 （＋UHECRとの相関？）	


��UFO伴う電波銀河 3C120などのGeV γも？	


��-> CTA他今後のさらなる観測に期待	




