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ABSTRACT

The origin of the high-energy emission in astrophysical jets from black holes is a highly debated issue. This is particularly true for jets from
supermassive black holes, which are among the most powerful particle accelerators in the Universe. So far, the addition of new observations and
new messengers have only managed to create more questions than answers. However, the newly available X-ray polarization observations promise
to finally distinguish between emission models. We use extensive multiwavelength and polarization campaigns as well as state-of-the-art polarized
spectral energy distribution models to attack this problem by focusing on two X-ray polarization observations of blazar BL Lacertae in flaring and
quiescent y-ray states. We find that, regardless of the jet composition and underlying emission model, inverse-Compton scattering from relativistic

electrons dominates at X-ray energies.

Key words. polarization — radiation mechanisms: non-thermal — galaxies: active — BL Lacertae objects: individual: BL Lacertae — galaxies: jets

1. Introduction

Blazars are the brightest and most variable subclass of
active galactic nuclei (AGN) with emission that spans the
entire electromagnetic and, potentially, the particle spectrum
(e.g., Hovatta & Lindfors 2019; Blandford et al. 2019). This is
attributed to the orientation of their jets, which are aligned with
our line of sight, resulting in relativistically boosted emission
and timescale compression (e.g., Liodakis et al. 2018). Blazars
have a spectral energy distribution (SED) made up of two broad
emission components. The low-energy component from radio to
X-rays is produced by relativistic electrons spiraling in the mag-
netic field of the jet. The particle acceleration mechanism is still
debated, but recent results from the Imaging X-ray Polarimetry
Explorer (IXPE; Weisskopf et al. 2022) favor shock acceleration
(e.g., Liodakis et al. 2022; Kouch et al. 2024). The location of
the synchrotron peak is often used to classify blazars into low
(Vsyn < 10 Hz), intermediate (10" Hz < vy, < 10" Hz), and
high (veyn, > 10" Hz) synchrotron peaked sources (Ajello et al.
2020). In contrast, the origin of the high-energy component (X-
rays to TeV y-rays) is uncertain. If the jet emission is dominated
by relativistic electrons, the high-energy production mechanism

* Corresponding author: 1iodakis@ia. forth.gr

is expected to be inverse-Compton scattering (also known as lep-
tonic processes). If the scattered photon field consists of exter-
nal photons from the accretion disk or surrounding structures,
we refer to the process as external Compton (EC). If instead
the photons are synchrotron from the jet’s electrons, then we
refer to the process as synchrotron self-Compton (SSC). On the
other hand, if the emission is dominated by protons, the pro-
duction mechanism for X-rays and y-rays would likely be either
proton-synchrotron or proton-proton and proton-photon interac-
tions (also known as hadronic processes, e.g., Mannheim 1993).
Many previous spectral models consider leptonic processes, with
only very few codes capable of modeling hadronic emission.
Nevertheless, both leptonic and hadronic models can fit the typ-
ical blazar spectra comparably well (Bottcher et al. 2013).

Most of the previous studies that aimed to understand the
origin of the high energy component of the blazar SED favor
leptonic processes. However, the presence of orphan flares
(Liodakis et al. 2019b; de Jaeger et al. 2023) and the poten-
tial association of TXS 0506+056 with a high-energy neutrino
(IceCube Collaboration 2018) leave room for potential hadronic
emission. Polarization and, specifically, the novel X-ray polar-
ization observations made possible by IXPE can give a fresh
perspective on the problem. Hadronic X-ray and y-ray emission
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is typically expected to produce comparable polarization degree
to the radio and optical bands, but the polarization is less vari-
able than in the optical band (Zhang et al. 2019, 2024). Lep-
tonic processes are expected to produce high-energy radiation
with either no polarization or a much lower degree of polariza-
tion than radio and optical (Poutanen 1994; Peirson & Romani
2019; Liodakis et al. 2019a; Peirson et al. 2022). So far all the
X-ray polarization observations have only yielded upper limits,
and they were often not constraining or the optical polarization
degree was low, preventing us from drawing strong conclusions
(Middei et al. 2023; Marshall et al. 2024; Kouch et al. 2025).
BL Lacertae (BL Lac), the original BL Lac object, is located
at RA = 22h02m43.2s, Dec = +42°16'39.9” and z = 0.069. It is
the only low-/intermediate-peaked blazar that has been observed
multiple times by IXPE. Here, we attempt to combine SED mod-
eling with the discriminatory power of multiwavelength (MWL)
polarization by focusing on the last two observations of BL Lac,
which provide the best constraints on the high-energy emission
processes. In Sect. 2 we present the multiwavelength flux and
polarization observations, and in Sect. 3 we present the SED
models we use to fit the data. In Sect. 4 we discuss our results.

2. Multiwavelength polarization observations

We focus on the third and fourth observations (hereafter,
OBS3 and OBS4) of BL Lac by IXPE (Peirson et al. 2023;
Agudo et al. 2025). For OBS3 BL Lac was in a flaring y-ray
state. Peirson et al. (2023) split the IXPE exposure in three equal
parts (hereafter SEG1, SEG2, and SEG3) and found that BL Lac
was in an intermediate-peak state for SEG1 and in a low peak
state for SEG2 and SEG3. Effectively, in SEGI1 the 2-8 keV
band has contribution from both the electron synchrotron and
high-energy hump, whereas in SEG2 and SEG3 the 2-8 keV
band is entirely in the high-energy hump of the SED. In SEG1
polarization was detected from the electron synchrotron com-
ponent in the 2—4 keV band with a degree of about 20%. The
2-8keV polarization was undetected with a 99% upper limit
of 28%. Similarly, the X-ray polarization in SEG2, SEG3, and
the entire OBS3 yielded only upper limits of 23%, 22%, and
14.3%, respectively. OBS4 was taken during a quiescent state
in y-rays, but an elevated state in radio, optical, and X-rays.
The millimeter radio flare observed during the IXPE observation
(OBS4) was the brightest flare in BL Lac over the past ~40 years
(Agudo et al. 2025; Mondal et al. 2025). The X-ray polarization
was undetected, yielding the most stringent 30~ upper limit so
far of 7.4%. At the same time, the optical polarization degree
reached a historical maximum of 47.6%, making it the most
polarized blazar ever observed.

For the total intensity and polarized SEDs, we used
only observations taken within the span of the IXPE obser-
vation to ensure simultaneity. The datasets include obser-
vations from a large number of ground and space-based
telescopes in radio, optical, X-rays, and +y-rays. These
are, namely, the Belogradchik Observatory (Bachev et al.
2023), Calar alto (CAFOS), Effelsberg (QUIVER, Kraus et al.
2003; Myserlisetal. 2018, the Fermi gamma-ray space
telescope, IRAM-30m (POLAMI, Agudo etal. 2018), IXPE
(Weisskopf et al. 2022), KVN (Kangetal. 2015), Liver-
pool Telescope (MOPTOP, Shrestha et al. 2020), the Nordic
Optical Telescope (ALFOC, Nilsson etal. 2018), NuSTAR,
Sierra Nevada Observatory (DIPOL-1, Otero-Santos et al.
2024), Perkins (PRISM), Skinakas observatory (RoboPol,
Panopoulou et al. 2015; Ramaprakash et al. 2019; Blinov et al.
2021), SMA (SMAPOL, Myserlis et al., in prep.), St. Peters-
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burg (LX-200), the Niel Gehrels Swift observatory, and XMM-
Newton. The observations and data reduction procedures are dis-
cussed in detail in Peirson et al. (2023), Agudo et al. (2025). In
order to directly compare the X-ray polarization observations,
we used the averaged radio and optical polarization degree over
the duration of the IXPE observation.

For the y-ray observations, we used the standard analysis
with Fermitools v1.2.23 and Pass8 P8R3 source events. We col-
lected all the Fermi-LAT data of BL Lac in the energy range
between >100MeV and 300GeV from the LAT data server!
and within a region of interest (ROI) of 15deg. We filtered all
the data with a zenith angle >90° to avoid contamination from
the Earth’s limb. We also employed the recommended Galac-
tic and diffuse emission componentsz, ie., gll_iem_v07 and
iso_P8R3_SOURCE_V3_v1, respectively.

To account for the emission of all nearby sources, we
included in our model all the sources within the 15-degree
radius ROI, plus those within an additional annular region of
radius 10deg. The spectral parameters of all variable sources
within the ROI with TS >25 (as defined in the 4FGL catalog,
Abdollahi et al. 2020) were left as free parameters, while those
contained in the annular region or not fulfilling these conditions
were fixed to the catalog values. Weak sources with TS < 4 were
removed from the model. The normalization of the diffuse com-
ponents was allowed to vary. Lastly, we performed a binned
likelihood analysis of BL Lac’s data with the final model, com-
puting the spectrum and SED, modeling each flux point with
a power-law shape. The binned analysis is recommended for
sources close to bright background sources such as BL Lac. We
verified that an unbinned analysis yields consistent results within
uncertainties.

3. SED models

We consider four models for the high-energy spectral compo-
nent: a pure SSC model, a SSC + EC leptonic model, a hybrid
model with SSC and hadronic processes, and a pure hadronic
model. The low-energy spectral component consists of elec-
tron synchrotron in all models. The pure SSC model uses the
code developed by Peirson & Romani (2019). This multi-zone
code considers inhomogeneous magnetic field distribution and
calculates both electron synchrotron and SSC flux and polar-
ization. It thus naturally includes multi-zone effects such as
energy stratification and depolarization. The synchrotron self-
absorption process is not included. The other three models use
the one-zone spectral fitting code, developed by Béttcher et al.
(2013) and post-processed by the polarization code developed
by Zhang & Bottcher (2013), and includes the semi-analytical
depolarization in Zhang et al. (2024). The spectral fitting code
considers synchrotron self absorption, synchrotron for electrons
and protons, SSC and EC, pair synchrotron from hadronic cas-
cades, as well as all relevant radiative cooling. The external pho-
ton field is a blackbody spectrum at temperature 7 with a den-
Sity uey that is uniform in the emission blob. The polarization
post-processing adds multi-zone depolarization effects. We find
that the fitting result is reasonable without the energy stratifi-
cation, so it is not included in the polarization post-processing.
For all the polarization models, the synchrotron component does
not include synchrotron self absorption, and the SSC compo-
nents are in the Thomson regime (i.e., no Klein-Nishina effects

' https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
2 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
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Fig. 1. Total intensity (top panel) and polarization (bottom panel) SED
modeling for OBS3. The simultaneous observations from the MWL
campaign are shown in cyan. The archival observations from the Space
Science Data Center are shown in black. For both flux and polariza-
tion degree, we show the median and standard deviation in different
frequencies within the IXPE observation. The lines corresponding to
the different emission models are listed in the legend.

are included). Therefore, any polarization estimations below
~10'2Hz or above ~10% Hz should not be considered reli-
able. Key fitting parameters for all four models are shown in
Tables C.1, C.2, C.3, and C.4 for OBS3, SEG1, SEG2, SEG3,
and OBS4. Figures 1, 2, 3, 4, and 5 show the archival and simul-
taneous observations, as well as the fitting models for OBS3,
SEGI, SEG2, SEG3, and OBS4, respectively. The individual
emission components and associated polarization degree for the
different models are shown in Appendices A and B.

4. Discussion and conclusions

We used simultaneous observations from IXPE’s MWL cam-
paigns (Peirson et al. 2023; Agudo et al. 2025) to study the total
intensity and polarization SED of BL Lac in different syn-
chrotron peak and y-ray flux states. We used the optical polar-
ization as a benchmark for the ordering of magnetic fields and
aimed to simultaneously model the MWL spectrum and polar-
ization degree. We find that both the leptonic models and the
hybrid hadronic model considered here can satisfy the MWL and
polarization observations, except the X-ray constraints. For the
models to satisfy the X-ray polarization upper limits, the X-ray
emission in BL Lac, and consequently blazars in general, they
must be dominated by inverse-Compton scattering from the rel-
ativistic electrons. Our results thus provide stringent constraints
on the origin of the high-energy emission in jets.

All the one-zone model curves (SSC+EC, hybrid, and
hadronic) are below the radio to far-infrared data points. This is
because the radio to far-infrared emission can come from a much
larger portion of the blazar jet rather than merely the blazar zone.
On the other hand, the multi-zone pure SSC model can consider
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Fig. 2. Same as Fig. 1, but for SEGI.
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Fig. 3. Same as Fig. 1, but for SEG2.

both the blazar zone and the large-scale jet. Hence, it fits those
data points reasonably well. However, the pure SSC model gen-
erally misses the y-ray data, suggesting the need for an EC com-
ponent.

We note that the hybrid model yields a very hard spectrum
in the TeV bands, due to the strong contribution from hadronic
cascades. Current Cherenkov telescopes can test this scenario.
If this component is not detected, then the hybrid model will be
strongly disfavored. This also highlights the potential synergies
between IXPE and future Cherenkov telescopes (e.g., CTAO;
Boisson et al. 2021).
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Fig. 5. Total intensity (top panel) and polarization (bottom panel) SED
modeling for OBS4. Symbols and colors are the same as in Fig. 1.

All the models can satisfy the X-ray polarization upper lim-
its for OBS3, SEG1, SEG2, and SEG3. Nonetheless, the hybrid
and hadronic models are disfavored. Based on our modeling for
SEG1, the hadronic and hybrid models predict a roughly con-
stant polarization degree across the IXPE band. In that case, one
would expect the X-ray polarization analysis for the 2—4 keV and
2-8keV bands to yield the same results. Instead, we observe a
detection in the 2-4 keV band and a non-detection in the 2—-8 keV
band. This would imply that the upper half of the IXPE band (4—
8keV) is dominated by a different process than the lower half.
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Additionally, the 2—4 keV polarization is not detected in SEG2
and SEG3, showing that the polarization is variable within a
few days in the observer’s frame, corresponding to roughly one
month in the comoving frame of the blazar zone. The proton
energy that produces the X-ray emission via either proton syn-
chrotron or hadronic cascades is a few PeV. Both the flux and
polarization variability are controlled by magnetic field and par-
ticle evolution. If the magnetic field changes fast enough, the flux
variability for electron synchrotron and proton synchrotron can
be comparable. However, due to the faster cooling of electrons,
changes in the magnetic field will significantly enhance and/or
reduce local electron synchrotron cooling and, thus, the elec-
tron particle energy distribution, which is reflected in a compa-
rably fast change in the polarization. On the other hand, protons
cool much more slowly; therefore, changes in the magnetic field
hardly alter the proton distribution. Consequently, the hadronic
polarization variability should always be slower than the electron
synchrotron polarization variations (Zhang et al. 2016, 2019,
2024). Based on the hybrid and hadronic model parameters (see
Tables C.3 and C.4), the cooling timescale for protons is 230 yr
in the comoving frame. If the X-ray and y-ray emission are of
hadronic origin, then the hadronic polarization is unlikely to
change within OBS3 as shown in Zhang et al. (2016). Therefore,
hybrid and hadronic models cannot adequately and consistently
explain OBS3, SEG1, SEG2, and SEG3. We note that none of
the models can fully explain the high 2—4 keV polarization. We
suggest that it may result from a highly inhomogeneous syn-
chrotron contribution from a localized region with very ordered
magnetic fields (e.g., a shock), which is not fully captured by the
multi-zone pure SSC model or the semi-analytical multi-zone
polarization post-processing of the SSC+EC model. The derived
parameters for both leptonic models roughly yield an equiparti-
tion between the electron energy and magnetic energy densities
(see Tables C.1 and C.2). Since the energy in protons is uncon-
strained in the leptonic models, it is unclear how magnetized the
blazar zone is or what drives the particle acceleration. But given
the high 24 keV polarization in SEG1, the emission region is
likely energy stratified.

Our strongest constraints come from OBS4, which combines
the lowest X-ray upper limit and the highest optical polarization
degree. We find that a pure hadronic model produces an X-ray
polarization degree that is too high compared to the observations
and, therefore, can be ruled out. Instead, the X-ray polarization
upper limit can be satisfied with models invoking SSC+EC or
SSC+hadronic emission, where SSC dominates the IXPE band.
Whether the radiative output at higher energies is dominated by
leptonic or hadronic processes is still a mystery. Interestingly, in
our modeling, leptonic processes continue to have a low polar-
ization degree at higher (>MeV) energies, whereas hadronic pro-
cesses are typically a factor of two higher. Simultaneous X-ray
(IXPE) and y-ray polarization observations with future missions
(e.g., COSI, Tomsick et al. 2024; AMEGO, Rani et al. 2019)
could allow us to differentiate between emission scenarios.
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Appendix A: Spectral energy distribution models
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Fig. A.1. Spectral energy distribution modeling for OBS3: The one-
zone leptonic model (top left), the multi-zone leptonic model (top right),
the hadronic model (bottom left), and the hybrid model (bottom right).
The simultaneous observations from the MWL campaign are shown in
cyan. The archival observations from the Space Science Data Center
are shown in black. The lines corresponding to the different emission
components are listed in the legend.
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Fig. A.2. Same as Fig. A.1, but for SEG1.
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Fig. A.3. Same as Fig. A.1, but for SEG2.
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Fig. A.4. Same as Fig. A.1, but for SEG3.

L19, page 7 of 11



Liodakis, I, et al.: A&A, 698, L19 (2025)

-9 T T T T -9 T T T T
-10} { ol , -10 - 1
€ :7 : 4 ,,‘ /.—-\‘t%
§-ur R f —11p | [ o
9 93 ki H 3
o A i 3% y
o —12F ?; I\ : -12 ! i \ 1
5 f I H : /4 \
g RN A !
Sl A B N N L A VT
w . [ i Iy JE ‘.\
! i ---- Synchrotron ! / | H
=141 i i —— ssc -14 f / ---- Synchrotron
i ! - EC d / —— ssC
IS5 20 25 10 15 20 25
-9 T T T T -9 T T T T
—10} ol ~10 §
I Ly e
§-ut i R L i ]
2 Bid “\; '
f ¥ i
o —12f i -12 ; -
3 L ;
S —13f & ' -13 : H
N I :'
> ! ---- Synchrotron !
=141 i - Proton Synchrotron | -14 [ Proton Synchrotron |
,1 Pair cascades '{ Pair cascades
) 5“1 15 20 25

15— 15 20
v (log, Hz)

Fig. A.5. Same as Fig. A.1 but for OBS4.
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Appendix B: Spectral polarization models
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Fig. B.1. Spectral polarization modeling for OBS3: The one-zone lep-
tonic model (top left), the multi-zone leptonic model (top right), the
hadronic model (bottom left), and the hybrid model (bottom right).
The simultaneous observations from the MWL campaign are shown in
cyan. The archival observations from the Space Science Data Center
are shown in black. The lines corresponding to the different emission
components are listed in the legend.
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Fig. B.2. Same as Fig. B.1, but for SEGI.
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Fig. B.3. Same as Fig. B.1, but for SEG2.
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Appendix C: Spectral energy distribution model
parameters

Table C.1. Parameter values for different observations for the pure SSC multi-zone model at the base of the jet.

SSC OBS3 OBS3_SEG1 OBS3_SEG2 OBS3_SEG3 OBS4
Bulk Lorentz factor I 10.3 10.3 10.3 10.3 3.037
Blob radius R (cm) 9.66x 10™  1.14x 10V 1.60 x 107 1.67x 107 2.59 x 10
Magnetic field strength By (G) 0.4 0.25 0.3 0.3 0.1
Jet Power W, (erg/sec) 1.7 x 107 1.5x10% 2.8x10% 3x 10 6x10%
Electron lower spectral cutoff y, min 7.94 8.12 8.12 8.12 1.02
Electron higher spectral cutoffy, max ~ 1.58 x 10* 2.51 x 10* 1.40 x 10* 1.40 x 10* 1.00 x 10*
Electron spectral index « 1.46 1.76 1.4 1.46 1.3
Opening angle Hypen 12.77 12.77 12.77 12.77 10.06
Observing angle O 1.489 1.489 1.489 1.489 1.489
Equilibrium factor A,, 0.8 0.4 0.7 0.7 2.68
# zones N 20 27 39 40 22
Table C.2. SSC+EC model parameters across all observations.
SSC+EC OBS3 SEGI SEG2 SEG3 OBS4
Bulk Lorentz factor I' 15 15 15 15 15
Blob radius R (cm) 8x 10  5x100°  12x10® 12x10® 22x10%
Particle escaping timescale Teg (S) 1.0 x 10° 6.7 x 10° 1.6 x 10° 1.6 x 10° 3.0 x 10°
Magnetic field strength B (G) 1.5 1.5 1.8 1.8 1.5
Electron injection luminosity L, (erg/s) 1.0x10% 1.0x10% 1.0x10% 12x10% 4.0x 10*
Electron lower spectral cutoff v, min 2% 10° 2% 10° [5x10° 15x10° 45x10°
Electron higher spectral cutoff y, max 1x10° 1x10° 1x10° 5% 10* 3x 10%
Electron spectral index p, 3.0 2.9 32 32 34
External photon field temperature 7 (K) 6 x 10° 6x10° 6 x 103 6x 103 6 x10°
External photon energy density uex (erg/ cm®)  2x107% 2x107% 2x107% 2x107% 2% 107
Table C.3. SSC+hadronic model parameters across all observations.
SSC+hadronic OBS3 SEG1 SEG2 SEG3 OBS4
Bulk Lorentz factor I' 15 15 15 15 15
Blob radius R (cm) I.Ix10%  8x10™ 13x10% 12x10° 1.1x10P
Particle escaping timescale Ty (S) 1.5x10° 1.0x10° 1.7x 10° 1.6 x 10° 1.5x10°
Magnetic field strength B (G) 50 50 50 50 10
Electron injection luminosity L, (erg/s) 2.8 x 10¥ 2.0x10% 3.0x 10¥ 35x10% 9.5x10%
Electron lower spectral cutoff y, min 3x 102 3 x 102 3 x 102 3% 10% 3.5 x 10?
Electron higher spectral cutoff ¥, max 1 x10° 1 x10° 1 x10° 5x10° 2 x 10
Electron spectral index p, 33 33 33 33 3.7
Proton injection luminosity L, (erg/s) 53 x 10*  6.5x10* 6.0x 10* 5.5x 10 2.0 x 10¥
Proton higher spectral cutoff ¥, max 8 x 10° 8 x 10% 8 x 10% 8 x 10% 5% 108
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Table C.4. Hadronic model parameters across all observations.

Hadronic OBS3 SEG1 SEG2 SEG3 OBS4
Bulk Lorentz factor I 15 15 15 15 15
Blob radius R (cm) 8 x 101 8 x 101 8 x 101 8 x 101 8 x 101
Particle escaping timescale Teg (S) 1.0 x 10° 1.0 x 10° 1.0 x 10° 1.0 x 10° 1.0 x 10°
Magnetic field strength B (G) 30 30 30 30 30
Electron injection luminosity L, (erg/s) 3.0 x 10%*  3.0x 10¥ 3.0x 10¥ 4.0x10% 6.5x10%
Electron lower spectral cutoff y, min 2% 107 2% 107 2 x 10? 2 x 10? 2 x 10?
Electron higher spectral cutoff y, max 2% 10? 2% 10? 2 x 107 7% 10° 2% 10°
Electron spectral index p, 3.3 3.7 3.3 33 3.7
Proton injection luminosity L, (erg/s) 5.5x 107  55x 10" 55x 107 55x 107 5.5x 107
Proton break energy ¥, - 5x10° 5x10° 5x10° 5% 10° 5% 10°
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