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3.2. Leptonic Models (LMs)

In the leptonic scenario, the blazar’s SED (optical to γ-rays)
is explained by synchrotron and IC processes of accelerated
(primary) electrons (Maraschi et al. 1992; Dermer &
Schlickeiser 1993; Sikora et al. 1994). The radiation produced
by relativistic protons in the source, which are necessary for
the production of HE neutrinos, may not be directly observed
due to the two-photon annihilation process and subsequent
EM cascades inside the source. We coin these hybrid
scenarios “LMs,” which stand for LMs, in reference to the
leptonic origin of the γ rays. Significant intra-source γ-ray
attenuation at sufficiently high energies and the associated
EM cascade is unavoidable in single-zone models, because
target photons responsible for photohadronic interactions
hinder HE γ rays from leaving the source. This implies that a
source with efficient HE neutrino production can be γ-ray
dark and may even be regarded as a hidden cosmic-ray
accelerator (Murase et al. 2016).

The photomeson production process also leads to the
production of γ-ray photons from neutral pion decay. More-
over, the decay of charged pions leads to the production of
secondary electrons and positrons, which also emit HE photons
via synchrotron and IC processes. The HE photons can be
attenuated by low-energy photons in the source, while
enhancing the number of secondary electron–positron pairs.
The total absorbed photon luminosity will eventually be
redistributed at lower photon energies through the development
of an EM cascade (Mannheim et al. 1991; Mannheim 1993).

The IC emission of primary electrons explains the HE peak
of the SED, and the emission from the EM cascade should be
subdominant. We can therefore set an upper limit on the power
of the cosmic-ray proton component by requiring that any
proton-induced emission does not fill in the dip (in hard X-rays
for ISPs, as here) between the two peaks of the SED. In turn,
this translates into an upper limit on the blazar’s neutrino flux.

We first derive the maximum neutrino flux expected
in the leptonic scenario by assuming that the proton
distribution is a power law with a proton index of sp=2,
extending from 1p,ming¢ = to 1.6 10p,max

7g¢ = ´ . From the
X-ray and γ-ray light curves, we infer a variability timescale
of t 10 svar

5 . Our choice of R 1017¢ = cm is broadly
consistent with the size inferred from the variability, namely
R ct z t1 0.56 10 25 10 svar

17
var

5d d¢ » + ´( ) ( )( ) cm. We
also consider an arbitrary external photon field with a
blackbody-like energy distribution that can be described by
only two free parameters: its characteristic temperature T¢ and
energy density uext¢ , as measured in the comoving frame of
the source. We also neglect any angular dependencies of the
external radiation field, which is assumed to be isotropic in
the rest frame of the supermassive black hole. Such an
additional photon field has also been shown to be necessary in
the leptonic SED modeling of other ISP blazars (Boettcher
et al. 2013). Furthermore, inclusion of external photon fields
has been shown to significantly enhance the efficiency of HE
neutrino production (Atoyan & Dermer 2001; Dermer et al.
2014; Murase et al. 2014).

The respective photon spectrum and the maximum predicted
neutrino flux for this parameter set (LMBB2b model) are
presented in Figure 4 (solid curves) and the parameter values
are summarized in Tables 6 and 7. We find that the X-ray flux
in the NuSTAR energy band is dominated by the SSC emission
of the accelerated electrons, whereas the γ-ray emission is

explained by the IC scattering of the fiducial external photon
field by the same electron population. The steepening of the
γ-ray spectrum at 10 GeV is due to the Klein–Nishina cross
section. Intriguingly, because of the steep Swift-XRT spectrum
and the low synchrotron peak-frequency revealed by our
X-shooter data, the HE peak of the SED cannot be explained by
the SSC emission alone. In addition, any attempt to describe
the emission from a more compact region (R 1017¢  cm) fails
because of the emergence of the SSC component, which has a
different photon index than the observed one in the NuSTAR
band. This also demonstrates the importance of the detailed
X-ray data provided by this work.
As noted in the previous section, HE photons produced via

photohadronic interactions are attenuated in the source and
induce an EM cascade whose emission should emerge in the
Swift-XRT and NuSTAR bands. As a result, the neutrino and
proton luminosities are strongly constrained by the X-ray data.

Figure 4. Leptonic model (LMBB2b) for the TXS0506+056 flare (Ep. 1). Two
SED cases (gray lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with a hadronic component
set to the maximum allowed proton luminosity L 2 10p

max 50» ´( ) erg s−1

(solid gray), and the other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal (solid red) and
“twice maximal” (dashed line) cases are also shown. Photon attenuation at

3 1011e ´g eV due to interactions with the extragalactic background light is
not included here. All-flavor neutrino-flux upper limits of producing an event
similar to the IceCube-170922A are shown in blue (from Figure 4 of Aartsen
et al. 2018a) for 0.5 (solid blue line) and 7.5 years (dashed blue line).

Table 6
Parameter Values Common to All Leptonic Models (LMs) for TXS0506+056

B′ [G] 0.4
R′ [in cm] 1017

δ 24.2
Le¢ [in erg s−1] 2.2 1042´
se,1 1.9
se,2 3.6

e,ming ¢ 1

e b,g ¢ 5 103´

e,maxg ¢ 8 104´

Note. The isotropic-equivalent electron luminosity is L Le e
4d= ¢. Parameter

definitions are provided in Table 5.
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TXS 0506+056 z=0.3365.  EM emission from 
synch/SSC model (Keivani et al. 2018)

First source with significant neutrino 
association (3σ)

Accelerated protons cannot explain X/γ-
rays and neutrinos with same 
component

Hadronic models require jet powers 
greater than the Eddington luminosity 
for 109 MSun black hole. 
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Most blazar models produce 
neutrinos with accelerated protons 
(hadrons):

IceCube neutrino detector at south pole.
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The electron pair production process is 
common in astrophysics and in blazars 
(including interactions with the EBL).  

The muon production process has a 
threshold (mμ/me)2 higher, and a cross 
section (mμ/me)2 lower

Hadron production cross section 
similar to muons

Need γ-rays extending to PeV energies 
produced through purely leptonic 
processes
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(e.g., Finke 2016). For a monochromatic radiation field,246

u(✏) = u0�(✏ � ✏0), where � is the Dirac delta function,247

one gets248

⌧e(✏1) =
R0⇡r

2
e

mec
2✏2z✏

3
0

u0'̄e(✏0✏z)H(✏0 � 1/✏z) , (4)249

where250

H(x) =

8
<

:
1 x � 0

0 x < 0
. (5)251

The absorption optical depth for the muon pair produc-252

tion process (� + � ! µ
+ + µ

�) in this case is (see253

Appendix A)254

⌧µ(✏1) =

✓
me

mµ

◆2

⌧e (✏1(me/mµ)
2)255

=

✓
mµ

me

◆2
R0⇡r

2
e

mec
2✏2z✏

3
0

u0'̄e

"
✏0✏z

✓
me

mµ

◆2
#

256

⇥H[✏0 �m
2
µ/(m

2
e✏z)] . (6)257

We also include the hadron creation process (�+ � !258

hadrons). The primary hadrons created through this259

process are charged pion pairs (see, e.g., Budnev et al.260

1975; Galanti et al. 2020). The absorption optical depth261

for this process with the extended jet radiation field (in262

our approximation) is263

⌧h(✏1) =
R0⇡r

2
e

mec
2✏2z✏

3
0

u0'̄h(✏0✏z)H

"
✏0 �

1

✏z

✓
m⇡

me

◆2
#

,

(7)

264

where '̄h(s0) is described in Section A.3.265

Finally, we include the double pair production pro-266

cess, � + � ! 2e+ + 2e�. This process will not create267

neutrinos but is an additional way the high energy pho-268

tons could be absorbed. The absorption optical depth269

for this process with the extended jet radiation field is270

⌧ee(✏1) =
R0⇡r

2
e

mec
2✏2z✏

3
0

u0'̄ee(✏0✏z)H


✏0 �

4

✏z

�
, (8)271

where '̄ee(s0) is given in Section A.4. Note that these272

approximations for the absorption optical depth do not273

take into account full geometric e↵ects of �-ray absorp-274

tion. Such detailed calculations of absorption can be275

computed using methods described by Finke (2016).276

We plot Equations (4), (6), (7), and (8) in Figure277

2. As the figure indicates, ⌧µ(✏1) is shifted a factor278

(mµ/me)2 lower and a factor (mµ/me)2 higher in energy279

than ⌧e(✏1). For parameters associated with a BLR, ✏0 =280

2⇥10�5, u0 = 0.1 erg cm�3, R0 = 1017 cm, Equation (6)281

gives the peak muon production at ⌧µ(2.0 PeV) ⇡ 10�3.282
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Figure 2. A plot of Equations (4), (6), (7), and (8). These
are plotted as ⌧x(✏1)mec

2/[R2
0⇡r

2
eu0] versus ✏z✏0, where x =

e, µ, h, or ee.

For parameters associated with a DT, ✏0 = 5 ⇥ 10�7,283

u0 = 10�4 erg cm�3, R0 = 1018 cm, the peak muon pro-284

duction is at ⌧µ(90 PeV) ⇡ 10�3. The absorption optical285

depth for hadrons is similar to that for muons. Thus,286

the BLR and DT cannot provide enough absorption to287

produce significant muons, charged pions, and neutri-288

nos, since �-rays will always be optically thin to their289

radiation with this process. One must turn to another290

external radiation field, and so we turn to the extended291

jet.292

2.3. Extended Jet293

As we will see, an extended Blandford-Konigl jet can294

provide su�cient energy density for strong absorption295

through the muon creation process, from which neutri-296

nos are a by-product. We assume the extended jet emis-297

sion near the small blob is simply monochromatic, so its298

energy density is299

u(✏) =

✓
Lext

4⇡cR2
ext

◆
�(✏� ✏0) , (9)300

where Lext and Rext are the luminosity and size scale,301

respectively, for region of the extended jet around the302

small blob. This will be the most narrow portion of303

the extended jet, so we should expect Rext to be not304

much larger than the small blob component. However,305

it could be smaller than the large blob component, which306

we expect is farther away from the black hole where it307

does not “see” the extended jet radiation field.308

2.4. Large Blob Emission309

We describe here the emission from the larger blob.310

This blob will contribute synchrotron and synchrotron311
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Problem:  at high energies, the 
Compton cross section turns over, 
making it hard to produce PeV γ-rays. 

Solution:  Same turnover means 
electrons at high energies lose energy 
very rarely.  This can lead to an 
“upturn” in electron distribution at 
high energies (e.g. Moderski et al. 
2005)!  Requires very small 
synchrotron energy losses.

for x 1, and it is plotted in Figure 2.
It will also be useful to integrate the total cross-section over

all angles, so that
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and ( )xLi2 is the dilogarithm function. The function ( )M x0 has
the asymptotes

( ) ( ) - + -M x
x x x x
3

2
9

13
60

133
600

160

2 3 4 5

for x 1 and

( ) ( ) ( )

( ( ) ) ( )

 - +

- - + +

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

M x
x

x x

x
x

x

2
ln

1
2

3.114 ln

ln
2

2
6.559

2
2 ln 3.249 17

0

for x 1, and it is plotted in Figure 3.

2.2. Mean Scattered Photon Energy

The zeroth moment of the Compton-scattering cross-section
is
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(Dermer & Schlickeiser 1993; Dermer & Menon 2009).
Calculation of these and higher-order moments were performed
by Coppi & Blandford (1990). The mean scattered photon

Figure 1. Illustration of the geometry of scattering in the head-on
approximation.

Figure 2. Function ( )S x0 given by Equation (11) and the approximations from
Equations (12) ( x 1) and (13) ( x 1).

Figure 3. Function ( )M x0 given by Equation (15) and the approximations from
Equations (16) ( x 1) and (17) ( x 1).
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Figure 4. The primary electron distribution in the small
blob from the model for emission from TXS 0506+056.
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does not decelerate. This is quite di!erent than what is984

usually done in the literature, where it is assumed that985

there are no cold electrons; however, there is no reason986

they would not be present.987

Figure 8 also demonstrates the cooling988

timescales for di!erent values of the parameter989

ω, the spectral index for the extended jet. This990

demonstrates that large values of ω are needed to991

accelerate electrons to high enough energies for992

significant numbers of neutrinos to be produced.993
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Another reason large values for ω are needed is994

demonstrated in Figure 7. For smaller values995

of ω, the ratio of absorption by electron produc-996

tion will be greater than the absorption by muon997

and pion production by a larger amount. More998

photons will be absorbed by the electron pro-999

duction process, leaving fewer to be absorbed by1000

the muon and pion production process that ulti-1001

mately produce neutrinos.1002

Electron distribution
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Problem:  at high energies, the 
Compton cross section turns over, 
making it hard to produce PeV γ-rays. 

Solution:  Same turnover means 
electrons at high energies lose energy 
very rarely.  This can lead to an 
“upturn” in electron distribution at 
high energies (e.g. Moderski et al. 
2005)!  Requires very small 
synchrotron energy losses.

Electron distribution after energy losses.
Electrons injected as ~γ-1.9 between 13 and 3x109

PRE
LIM

INA
RY
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Large blob:  Electrons produce synchrotron and 
synchrotron self-Compton.  Does not interact with 
extended jet photons.

2 Finke & Razzaque

active galactic nuclei (Hooper & Plant 2023), the lat-66

ter of which is most relevant to neutrinos associated67

with Seyfert galaxies, such as NGC 4151, NGC 1068,68

and NGC 3079 (e.g., Neronov et al. 2024; Abbasi et al.69

2025). This process has also been explored in the con-70

text of ultra-high energy photons interacting with CMB71

photons (Wang et al. 2017; Esmaeili et al. 2022). Here72

we explore this process for creating neutrinos in the jets73

of blazars. This could o↵er an interesting alternative for74

hadronic models as the source of neutrinos in blazars,75

and provide a stronger connection between �-rays (as76

observed by Fermi-LAT) and neutrinos. In particular,77

we apply this model to electromagnetic and neutrino ob-78

servations of the blazars TXS 0506+056 (Aartsen et al.79

2018b), PKS 0735+178 (IceCube Collaboration 2021),80

and 5BZB J0630�2406 (Fichet de Clairfontaine et al.81

2023).82

In Section 2 we describe our leptonic model for neu-83

trino emission from blazars in detail. We apply it84

to three blazars where neutrinos have been detected;85

namely, PKS 0506+056 (Section 3), PKS 0735+17886

(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87

we conclude with a discussion in Section 6.88

2. FORMALISM89

2.1. Model Setup90

After considerable experimentation, we found that we91

were not able to reproduce the broadband spectral en-92

ergy distribution (SED) with a single zone in the jet,93

as is often assumed in blazar models. Therefore we94

had to explore multiple emission regions. [SR: Hadronic95

models also require multi-emission zones and so does96

leptonic models for some blazars. Perhaps we need to97

mention this, otherwise it seems like a limitation only98

for our model.][Now mentioned briefly in the introduc-99

tion.] We assume the emission is from two, compact,100

spherical emitting regions in the blazar jet, each mov-101

ing with the same high relativistic speed � in units of102

the speed of light c giving the emitting regions a bulk103

Lorentz factor � = (1 � �
2)�1/2. The jet is at a small104

angle ✓ = arccosµ to the line of sight, giving each com-105

ponent a Doppler factor106

�D =
1

�(1� �µ)
. (1)107

We refer to the di↵erent blobs as a small blob, and a large108

blob, with radii in the frame co-moving with the jet R0
s109

and R
0
l, respectively. As the names imply, R0

s < R
0
l. The110

small (large) blob has a comoving tangled, homogeneous111

magnetic field strength B
0
s(l). In general, we will use112

primes to indicate quantities in the co-moving frame,113

and unprimed variables for quantities in the stationary114

Figure 1. Illustration of the various components of our
model. The extended jet stretches from the black hole to in-
tergalactic space, beyond the scope of this model. It is likely
approximately parabolic near the black hole, and approxi-
mately a conical, Blandford-Konigl jet after a recollimation
shock (e.g., Potter & Cotter 2015). The small blob may be
located near the recollimation shock, and “sees” the full ra-
diation field from the extended jet. The large blob is farther
from the black hole, where the extended jet radiation will be
much less intense, and does not “see” the radiation from the
extended jet.

frame of the galaxy or the observer’s frame. For the two115

emitting blobs, we attempted to find solutions with as116

similar as possible parameters.117

Additionally, we included an extended jet to explain118

the radio emission, provide seed photons for Comp-119

ton scattering for the small blob, and to absorb �-rays120

and produce muons. The extended jet is consistent121

with a model where the jet is composed of many syn-122

chrotron self-absorbed components (e.g., Blandford &123

Königl 1979; Konigl 1981; Finke 2019). This model can124

explain the flat radio spectra (in flux density, F⌫) ob-125

served in blazars. For our purposes, we model the radia-126

tion from this component as simply a broken power-law,127

as described in Section 2.3 below. In the grand tradition128

of physics, we assume all components, including the ex-129

tended jet, are spherical, much like the proverbial cow.130

The large blob is assumed to be far enough away from131

the black hole and the base of the extended jet that it132

does not “see” the radiation field from the extended jet.133

An illustration of the di↵erent components of this model134

can be seen in Figure 1.135

2.2. Preliminary Model Exploration136

The photon-photon electron pair creation process (�+137

� ! e
+ + e

�, sometimes known as the Breit-Wheeler138

process) has been well studied in blazars. The process139

is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142

1995) and with broad-line region (BLR) and dust torus143

(DT) photons (e.g., Reimer 2007; Poutanen & Stern144
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active galactic nuclei (Hooper & Plant 2023), the lat-66

ter of which is most relevant to neutrinos associated67

with Seyfert galaxies, such as NGC 4151, NGC 1068,68

and NGC 3079 (e.g., Neronov et al. 2024; Abbasi et al.69

2025). This process has also been explored in the con-70

text of ultra-high energy photons interacting with CMB71

photons (Wang et al. 2017; Esmaeili et al. 2022). Here72

we explore this process for creating neutrinos in the jets73

of blazars. This could o↵er an interesting alternative for74

hadronic models as the source of neutrinos in blazars,75

and provide a stronger connection between �-rays (as76

observed by Fermi-LAT) and neutrinos. In particular,77

we apply this model to electromagnetic and neutrino ob-78

servations of the blazars TXS 0506+056 (Aartsen et al.79

2018b), PKS 0735+178 (IceCube Collaboration 2021),80

and 5BZB J0630�2406 (Fichet de Clairfontaine et al.81

2023).82

In Section 2 we describe our leptonic model for neu-83

trino emission from blazars in detail. We apply it84

to three blazars where neutrinos have been detected;85

namely, PKS 0506+056 (Section 3), PKS 0735+17886

(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87

we conclude with a discussion in Section 6.88

2. FORMALISM89

2.1. Model Setup90

After considerable experimentation, we found that we91

were not able to reproduce the broadband spectral en-92

ergy distribution (SED) with a single zone in the jet,93

as is often assumed in blazar models. Therefore we94

had to explore multiple emission regions. [SR: Hadronic95

models also require multi-emission zones and so does96

leptonic models for some blazars. Perhaps we need to97

mention this, otherwise it seems like a limitation only98

for our model.][Now mentioned briefly in the introduc-99

tion.] We assume the emission is from two, compact,100

spherical emitting regions in the blazar jet, each mov-101

ing with the same high relativistic speed � in units of102

the speed of light c giving the emitting regions a bulk103

Lorentz factor � = (1 � �
2)�1/2. The jet is at a small104

angle ✓ = arccosµ to the line of sight, giving each com-105

ponent a Doppler factor106

�D =
1

�(1� �µ)
. (1)107

We refer to the di↵erent blobs as a small blob, and a large108

blob, with radii in the frame co-moving with the jet R0
s109

and R
0
l, respectively. As the names imply, R0

s < R
0
l. The110

small (large) blob has a comoving tangled, homogeneous111

magnetic field strength B
0
s(l). In general, we will use112

primes to indicate quantities in the co-moving frame,113

and unprimed variables for quantities in the stationary114

Figure 1. Illustration of the various components of our
model. The extended jet stretches from the black hole to in-
tergalactic space, beyond the scope of this model. It is likely
approximately parabolic near the black hole, and approxi-
mately a conical, Blandford-Konigl jet after a recollimation
shock (e.g., Potter & Cotter 2015). The small blob may be
located near the recollimation shock, and “sees” the full ra-
diation field from the extended jet. The large blob is farther
from the black hole, where the extended jet radiation will be
much less intense, and does not “see” the radiation from the
extended jet.

frame of the galaxy or the observer’s frame. For the two115

emitting blobs, we attempted to find solutions with as116

similar as possible parameters.117

Additionally, we included an extended jet to explain118

the radio emission, provide seed photons for Comp-119

ton scattering for the small blob, and to absorb �-rays120

and produce muons. The extended jet is consistent121

with a model where the jet is composed of many syn-122

chrotron self-absorbed components (e.g., Blandford &123

Königl 1979; Konigl 1981; Finke 2019). This model can124

explain the flat radio spectra (in flux density, F⌫) ob-125

served in blazars. For our purposes, we model the radia-126

tion from this component as simply a broken power-law,127

as described in Section 2.3 below. In the grand tradition128

of physics, we assume all components, including the ex-129

tended jet, are spherical, much like the proverbial cow.130

The large blob is assumed to be far enough away from131

the black hole and the base of the extended jet that it132

does not “see” the radiation field from the extended jet.133

An illustration of the di↵erent components of this model134

can be seen in Figure 1.135

2.2. Preliminary Model Exploration136

The photon-photon electron pair creation process (�+137

� ! e
+ + e

�, sometimes known as the Breit-Wheeler138

process) has been well studied in blazars. The process139

is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142

1995) and with broad-line region (BLR) and dust torus143

(DT) photons (e.g., Reimer 2007; Poutanen & Stern144

γ

e+/-

μ+/- ν

B

Small Blob:  electrons in blob produce γ-rays 
through Compton scattering of extended jet 
photons.

Extended jet:  produces radio-optical 
emission that is scattered by small blob and 
absorbs γ-rays.  Only portion around small 
blob matters for our purposes.
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with a model where the jet is composed of many syn-122

chrotron self-absorbed components (e.g., Blandford &123

Königl 1979; Konigl 1981; Finke 2019). This model can124

explain the flat radio spectra (in flux density, F⌫) ob-125
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tended jet, are spherical, much like the proverbial cow.130
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2.2. Preliminary Model Exploration136

The photon-photon electron pair creation process (�+137

� ! e
+ + e

�, sometimes known as the Breit-Wheeler138

process) has been well studied in blazars. The process139

is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142
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Extended jet photons absorb γ-rays to 
produce e+/- pairs.  Pairs deflected by 
magnetic field.

Extended jet photons absorb γ-rays to 
produce μ+/- pairs.  Pair immediately (for 
our purposes) decay to produce neutrinos.
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3.2. Leptonic Models (LMs)

In the leptonic scenario, the blazar’s SED (optical to γ-rays)
is explained by synchrotron and IC processes of accelerated
(primary) electrons (Maraschi et al. 1992; Dermer &
Schlickeiser 1993; Sikora et al. 1994). The radiation produced
by relativistic protons in the source, which are necessary for
the production of HE neutrinos, may not be directly observed
due to the two-photon annihilation process and subsequent
EM cascades inside the source. We coin these hybrid
scenarios “LMs,” which stand for LMs, in reference to the
leptonic origin of the γ rays. Significant intra-source γ-ray
attenuation at sufficiently high energies and the associated
EM cascade is unavoidable in single-zone models, because
target photons responsible for photohadronic interactions
hinder HE γ rays from leaving the source. This implies that a
source with efficient HE neutrino production can be γ-ray
dark and may even be regarded as a hidden cosmic-ray
accelerator (Murase et al. 2016).

The photomeson production process also leads to the
production of γ-ray photons from neutral pion decay. More-
over, the decay of charged pions leads to the production of
secondary electrons and positrons, which also emit HE photons
via synchrotron and IC processes. The HE photons can be
attenuated by low-energy photons in the source, while
enhancing the number of secondary electron–positron pairs.
The total absorbed photon luminosity will eventually be
redistributed at lower photon energies through the development
of an EM cascade (Mannheim et al. 1991; Mannheim 1993).

The IC emission of primary electrons explains the HE peak
of the SED, and the emission from the EM cascade should be
subdominant. We can therefore set an upper limit on the power
of the cosmic-ray proton component by requiring that any
proton-induced emission does not fill in the dip (in hard X-rays
for ISPs, as here) between the two peaks of the SED. In turn,
this translates into an upper limit on the blazar’s neutrino flux.

We first derive the maximum neutrino flux expected
in the leptonic scenario by assuming that the proton
distribution is a power law with a proton index of sp=2,
extending from 1p,ming¢ = to 1.6 10p,max

7g¢ = ´ . From the
X-ray and γ-ray light curves, we infer a variability timescale
of t 10 svar

5 . Our choice of R 1017¢ = cm is broadly
consistent with the size inferred from the variability, namely
R ct z t1 0.56 10 25 10 svar

17
var

5d d¢ » + ´( ) ( )( ) cm. We
also consider an arbitrary external photon field with a
blackbody-like energy distribution that can be described by
only two free parameters: its characteristic temperature T¢ and
energy density uext¢ , as measured in the comoving frame of
the source. We also neglect any angular dependencies of the
external radiation field, which is assumed to be isotropic in
the rest frame of the supermassive black hole. Such an
additional photon field has also been shown to be necessary in
the leptonic SED modeling of other ISP blazars (Boettcher
et al. 2013). Furthermore, inclusion of external photon fields
has been shown to significantly enhance the efficiency of HE
neutrino production (Atoyan & Dermer 2001; Dermer et al.
2014; Murase et al. 2014).

The respective photon spectrum and the maximum predicted
neutrino flux for this parameter set (LMBB2b model) are
presented in Figure 4 (solid curves) and the parameter values
are summarized in Tables 6 and 7. We find that the X-ray flux
in the NuSTAR energy band is dominated by the SSC emission
of the accelerated electrons, whereas the γ-ray emission is

explained by the IC scattering of the fiducial external photon
field by the same electron population. The steepening of the
γ-ray spectrum at 10 GeV is due to the Klein–Nishina cross
section. Intriguingly, because of the steep Swift-XRT spectrum
and the low synchrotron peak-frequency revealed by our
X-shooter data, the HE peak of the SED cannot be explained by
the SSC emission alone. In addition, any attempt to describe
the emission from a more compact region (R 1017¢  cm) fails
because of the emergence of the SSC component, which has a
different photon index than the observed one in the NuSTAR
band. This also demonstrates the importance of the detailed
X-ray data provided by this work.
As noted in the previous section, HE photons produced via

photohadronic interactions are attenuated in the source and
induce an EM cascade whose emission should emerge in the
Swift-XRT and NuSTAR bands. As a result, the neutrino and
proton luminosities are strongly constrained by the X-ray data.

Figure 4. Leptonic model (LMBB2b) for the TXS0506+056 flare (Ep. 1). Two
SED cases (gray lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with a hadronic component
set to the maximum allowed proton luminosity L 2 10p

max 50» ´( ) erg s−1

(solid gray), and the other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal (solid red) and
“twice maximal” (dashed line) cases are also shown. Photon attenuation at

3 1011e ´g eV due to interactions with the extragalactic background light is
not included here. All-flavor neutrino-flux upper limits of producing an event
similar to the IceCube-170922A are shown in blue (from Figure 4 of Aartsen
et al. 2018a) for 0.5 (solid blue line) and 7.5 years (dashed blue line).

Table 6
Parameter Values Common to All Leptonic Models (LMs) for TXS0506+056

B′ [G] 0.4
R′ [in cm] 1017

δ 24.2
Le¢ [in erg s−1] 2.2 1042´
se,1 1.9
se,2 3.6

e,ming ¢ 1

e b,g ¢ 5 103´

e,maxg ¢ 8 104´

Note. The isotropic-equivalent electron luminosity is L Le e
4d= ¢. Parameter

definitions are provided in Table 5.
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synch/SSC model (Keivani et al. 2018)
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The large blob’s synchrotron emission explains the opti-890

cal and soft X-ray data points. Primarily the small blob891

EC emission is responsible for the hard X-ray and Fermi-892

LAT ω-ray data points, with a small contribution to893

the LAT data from the small blob synchrotron emission.894

There is a sharp break in the LAT data at ε → 1025 Hz,895

or E → 40 GeV, above which the MAGIC data is en-896

tirely explained by the large blob’s SSC emission. As897

discussed above, the sharp break is caused by absorption898

with photons from the extended jet (ω + ω ↑ e
+ + e

→).899

The EC component is able to extend out to PeV energies900

and avoid a Klein-Nishina cuto! due to the ine”cient901

energy losses in this regime, as discussed above in Sec-902

tion 2.2. The LAT ω-rays and the neutrinos thus both903

come from the same component, EC in the small blob,904

with a contribution by the large blob SSC emission and905

small blob synchrotron emission.906

Above E → 400 TeV (ε → 1029 Hz) the electromag-907

netic emission recovers from the absorption, eventually908

reaching the quite high flux of → 10→10 erg cm→2 s→1
909

at E → 1 PeV (ε → 1030 Hz). However, at these en-910

ergies, ω-rays will be absorbed by interactions with the911

CMB photons (not included on the plot). At 1 PeV912

and at the redshift of TXS 0506+056, the absorption913

optical depth from CMB interactions is ϑωω,CMB(E =914

1 PeV, z = 0.3365) → 4 ↓ 105, indicating that essen-915

tially none of these photons will survive to be observed916

on Earth. Even if this source were located at z = 0.01,917

the absorption optical depth (ϑωω,CMB(E = 1 PeV, z =918

0.01) → 5 ↓ 103) is too high to expect PeV ω-rays to919

reach Earth.920

The primary electron distribution for the small blob921

for this solution is shown in Figure 4. As can be seen in922

the plot, there is indeed a large “upturn” in the electron923

distribution starting at ω↑
e ↔ 103 due to ine”cient elec-924

tron energy losses. The sharp upturn directly results in925

the unusually large synchrotron emission from the small926

blob, peaking at E → 400 MeV (ε → 1023 Hz).927

The neutrino emission is over a fairly narrow range,928

Eω → 170 TeV—15 PeV, as seen in Figure 3. The929

neutrino flux peaks at → 2.4 ↑ 10→12 erg cm→2 s→1,930

which is approximately equal to the neutrino flux im-931

plied by the detection of neutrino IC-170922A assuming932

7.5 years of emission, but less than the amount implied933

by 0.5 years of emission. The peak is at about 2.0 PeV,934

which is within the 90% confidence interval of the energy935

of neutrino event IC-170922A, which is 290 TeV—4.3936

PeV.937

The cascade is demonstrated in further detail in Fig-938

ure 5. Much of the electromagnetic cascade flux above939

40 GeV (1025 Hz) is absorbed. Only the first generation940

of the cascade contributes in any significant amount.941

10
8

10
10

10
12

10
14

10
16

10
18

10
20

10
22

10
24

10
26

10
28

10
30

10
32

ν [Hz]

10
-15

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

ν
F

ν
 [

er
g

 s
-1

 c
m

-2
]

total

synch. 
large comp.

SSC 
large comp.

synch 
small 
comp.

neutrino

EC 
small 
comp.

extended
jet

Figure 3. The SED for TXS 0506+056 in 2017 Sept. The
electromagnetic SED data (filled black points) and implied
neutrino upper limits (red) assuming 7.5 years (dashed) and
0.5 years (solid) years of emission are taken from Aartsen
et al. (2018a). Upper limits are shown with downward
pointing arrows. Empty symbols indicate observations de-
absorbed with the EBL model of Finke et al. (2022). The
components for our model are shown with the curves labeled
in the plot.

The cascade neutrino emission also makes very little942

contribution to the total neutrino flux; neutrino emission943

is dominated by the zeroth generation of the cascade.944

The neutrino emission shows “spikes”, from the three945

neutrino sources: direct muon decay, pion decay into946

muons, and these muons decaying into electrons. The947

extended jet magnetic field is certainly reasonable, and948

even on the low side, considering the typical magnetic949

fields Bext → 1 G at 1 parsec in the jet as inferred from950

radio observations (e.g., Pushkarev et al. 2012; Finke951

2019). Higher magnetic field values than what we used952

would lead to a higher ωdfl (see Section 2.5.6), which953

would cuto! the cascade at higher frequencies, so that954

there would be less cascade flux overall. Similarly, a955

lower Bext would lead to a lower ωdfl and greater cas-956

cade flux.957

The decay timescale and energy loss timescale for the958

muons for this model is shown in Figure 6. We have cho-959

sen our model parameters so that the decay timescale is960

lower than the radiative energy loss timescale for muons961

for all relevant values of ωµ. This ensures the muons are962

able to decay and produce neutrinos before they radiate963

away all their energy.964

In this model, 60% of the neutrinos are produced from965

muon decay, with the rest from pion decay. The flavor966
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Figure 3. The SED for TXS 0506+056 in 2017 Sept. The
electromagnetic SED data (filled black points) and implied
neutrino upper limits (red) assuming 7.5 years (dashed) and
0.5 years (solid) years of emission are taken from Aartsen
et al. (2018a). Upper limits are shown with downward
pointing arrows. Empty symbols indicate observations de-
absorbed with the EBL model of Finke et al. (2022). The
components for our model are shown with the curves labeled
in the plot.

The cascade neutrino emission also makes very little942

contribution to the total neutrino flux; neutrino emission943

is dominated by the zeroth generation of the cascade.944

The neutrino emission shows “spikes”, from the three945

neutrino sources: direct muon decay, pion decay into946

muons, and these muons decaying into electrons. The947

extended jet magnetic field is certainly reasonable, and948

even on the low side, considering the typical magnetic949

fields Bext → 1 G at 1 parsec in the jet as inferred from950

radio observations (e.g., Pushkarev et al. 2012; Finke951

2019). Higher magnetic field values than what we used952

would lead to a higher ωdfl (see Section 2.5.6), which953

would cuto! the cascade at higher frequencies, so that954

there would be less cascade flux overall. Similarly, a955

lower Bext would lead to a lower ωdfl and greater cas-956

cade flux.957

The decay timescale and energy loss timescale for the958

muons for this model is shown in Figure 6. We have cho-959

sen our model parameters so that the decay timescale is960

lower than the radiative energy loss timescale for muons961

for all relevant values of ωµ. This ensures the muons are962

able to decay and produce neutrinos before they radiate963

away all their energy.964

In this model, 60% of the neutrinos are produced from965

muon decay, with the rest from pion decay. The flavor966
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Leptonic model can completely explain SED, 
including neutrinos.

Can produce comparable neutrino flux than 
some lepto-hadronic models

Total jet power (4.0 x 1046 erg/s) less than 
Eddington luminosity for 109 MSun black hole

Disadvantages:  More free parameters than 
lepto-hadronic models (22 versus 16)
Requires hard radiation field for acceleration 
of electrons to very high energies (γ=109)
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KN energy losses allow acceleration of 
electrons to γ>109.  Very hard external 
radiation field needed.

u(ε) ~ εαe-ε/ε0

Large numbers of cold protons needed 
so that jet decelerate via bulk 
Comptonization
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Figure 8. Various small blob co-moving timescales for our
model for TXS 0506+056, as labeled on the plot. Energy
loss timescales for various values of the parameter ω
are shown.

The main cost of increasing these cold electrons and1003

protons is a much larger contribution to the jet power.1004

We have computed the jet power in electrons, Pj,e, and1005

in Poynting flux, Pj,B , following formulae found in Finke1006

et al. (2008), implied by the model parameters for the1007

small and large blob. The jet power in cold electrons1008

and protons in the small blob is computed from1009

Pj,e,c = 2ωR→2
s !

2
εc

mec
2
Ne,c

V →
s

(103)1010

and1011

Pj,p = 2ωR→2
s !

2
εc

mpc
2
Np

V →
s

, (104)1012

respectively. These powers are all found in Table 1. The1013

large blob has its power dominated slightly by electrons,1014

while the small blob has its power strongly dominated by1015

cold protons. The total jet power remains comfortably1016

below the Eddington luminosity for a 109 M↑ black hole1017

(LEdd → 1047 erg s↓1). The energetics for this model are1018

thus reasonable.1019

The model parameters are generally quite reasonable,1020

consistent with what has been found in many previous1021

models of blazars (e.g., Domı́nguez et al. 2013). We1022

found a particularly low magnetic field strength (B→
l)1023

and large size scale (R→
l) were needed for the large blob,1024

in order to push the SSC emission to higher energies and1025

explain the MAGIC data.1026

3.2. Comparison with Hadronic Models1027

We can compare our model with hadronic and lepto-1028

hadronic modeling of this SED from TXS 0506+056 in1029

2017 found in the literature.1030

Keivani et al. (2018) attempted a model where the1031

ϑ-rays were produce by hadronic interactions. They1032

found models that could reproduce the electromagnetic1033

SED produced a maximum neutrino flux of around1034

8 ↑ 10↓13 erg cm↓2 s↓1, peaking at around 100 PeV,1035

not enough flux to explain the lower flux implied by the1036

detection of IC-170922A. This model also has a total1037

jet power of Pj → 6 ↑ 1048 erg s↓1, significantly above1038

the Eddington limit for a 109 M↑ black hole. On the1039

other hand, they were able to explain both the electro-1040

magnetic SED and reach a higher neutrino flux by using1041

a purely leptonic model to explain the electromagnetic1042

SED, and allowing a sub-dominant hadronic component1043

to produce neutrinos. The neutrino flux with this model1044

was able to reach → 3↑10↓12 erg cm↓2 s↓1 with a peak1045

at 10 PeV, consistent with the implied flux from IC-1046

170922A. Our leptonic-only model has neutrino emis-1047

sion that peaks at about twice this flux, although it is1048

narrower and peaking at a bit lower energy, → 1.0 PeV.1049

Our model’s lower energy peak is in better agreement1050

with the estimated energy of IC-170922A. The required1051

power injected in proton for the lepto-hadronic Keivani1052

et al. (2018) model (4 ↑ 1050 erg s↓1) greatly exceeds1053

the Eddington luminosity for a 109 M↑ black hole.1054

Modeling of the same 2017 SED of TXS 0506+056 by1055

Gao et al. (2019) found similar results: they required1056

a hybrid model to explain the SED, with leptonic pro-1057

cesses explaining the electromagnetic emission and sub-1058

dominant hadronic processes to explain the neutrino1059

emission, with their total jet power again exceeding the1060

Eddington luminosity for a 109 M↑ black hole. Zhang1061

et al. (2019) were able to explain the ϑ-rays from TXS1062

0506+056 with a proton synchrotron model, but again,1063

their jet powers were excessive compared to the Edding-1064

ton luminosity. Cerruti et al. (2019) modeled the 20171065

SED of TXS 0506+056 with models dominated by lep-1066

tonic processes, with sub-dominant proton synchrotron1067

components and photomeson components. All these1068

models were able to explain the electromagnetic SED1069

reasonably, but the proton synchrotron ones did not ex-1070

plain the neutrino emission implied by IC-170922A well;1071

and the photomeson models had jet powers in excess of1072

the Eddington luminosity for a 109M↑ black hole.1073

Ansoldi et al. (2018) took a bit of a di”erent tack.1074

They included a slow-moving jet “sheath” that provides1075

seed photons for Compton scattering and pϑ interac-1076

tions in the primary emitting region, a faster moving1077

jet “spine”. Their model is similar to ours, in that we1078

also include another jet component to serve as the seed1079
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Figure 10. The SED for 5BZB J0630→2406 in 2008-2015.
The electromagnetic SED data (filled black points), and neu-
trino flux upper limit (filled red diamond; Fichet de Clair-
fontaine et al. 2023). The neutrino flux assumes 7 years of
emission. Unfilled symbols indicate data points de-absorbed
with the EBL model of Finke et al. (2022). The components
for our model are shown with the curves labeled in the plot.

the energy loss or escape timescale out to ω
→
2 → 1.2↑109,1256

and the Bulk Compton deceleration timescale for the1257

small blob is longer than all other relevant timescales.1258

Again, this was accomplished by increasing the number1259

of cold electrons and protons in the small blob. As with1260

our previous models, our model for 5BZB J0630↓24061261

has a total jet power below LEdd for a 109M↑ black hole.1262

For this model for 5BZB J0630↓2406, → 77% of the1263

neutrinos are produced from muon decay. The resulting1264

neutrino flavor ratio is1265

|ωω→ ↑




0.342 ± 0.003

0.327 ± 0.002

0.331 ± 0.002



 . (106)1266

5.2. Comparison with Hadronic Model1267

Fichet de Clairfontaine et al. (2023) modeled 5BZB1268

J0630↓2406 with a lepto-hadronic model. In their1269

model, the LAT ω-rays are produced primarily by EC,1270

with neutrinos produced by hadronic processes that do1271

not significantly contribute to the electromagnetic SED.1272

They are able to produce a neutrino flux peaking at1273

→ 10↓12 erg cm↓2 s↓1, higher than in our model. Based1274

on the parameters in their Table 1, their jet power in1275

protons appears to exceed the Eddington luminosity for1276

a 109M↑, unlike our leptonic model.1277

6. DISCUSSION1278

We have described a model that can reproduce the1279

SEDs of blazars, and produce significant neutrino emis-1280

sion, using only accelerated electrons. No accelerated1281

protons or nuclei are needed. The model consists of1282

two blobs: one large and one small. The photons from1283

the extended jet are Compton scattered by accelerated1284

electrons in the small blob; they also interact with the1285

ω-rays produced by the small blob, initiating a cas-1286

cade with the ωω ↔ e
+
e
↓, ωω ↔ µ

+
µ
↓, ωω ↔ ε

+
ε
↓,1287

and ωω ↔ 2(e+e↓) processes. The cascade electrons1288

also Compton scatter extended jet photons, while the1289

muons decay into electrons and neutrinos. For realistic1290

and appropriate parameters, this model can reproduce1291

the SEDs of three blazars that have been associated1292

with neutrino emission, namely TXS 0506+056, PKS1293

0735+189, and 5BZB J0630↓2406. Through standard1294

particle acceleration theory constraints, the models are1295

able to accelerate electrons to PeV energies necessary1296

for the leptonic models to produce neutrinos, and the1297

bulk Comptonization timescale is longer than all other1298

relevant timescales. The neutrino fluxes predicted by1299

our model are comparable to neutrino fluxes predicted1300

by hadronic and lepto-hadronic models in the literature.1301

We conclude that neutrinos may not be a signa-1302

ture for accelerated protons or nuclei.1303

The models we use have low magnetic fields in1304

the small blob, implying low magnetization pa-1305

rameters ε ↑ Pj,B/(Pj,e + Pj,e,c + Pj,p) ↓ 10→10.1306

This implies that the small blob would need to1307

be far from the jet based, where much of the1308

magnetic flux has been converted into the bulk1309

kinetic energy of the flow and ε drops dramat-1310

ically (e.g., Zdziarski et al. 2015). Low magne-1311

tizations (ε ↭ 10→2) have been found to be re-1312

quired to explain the SEDs of blazars in previ-1313

ous modeling (e.g., Finke et al. 2008; Nalewajko1314

et al. 2014; Janiak et al. 2015). Nalewajko et al.1315

(2014) suggested that there are smaller regions of1316

the jet with lower magnetizations than the over-1317

all jet, in order to explain these low magnetiza-1318

tions. Some particle-in-cell simulations indicate1319

that low magnetization parameters (ε ↭ 10→5)1320

are needed for relativistic shocks to e!ciently ac-1321

celerate particles (Sironi et al. 2013). Our mod-1322

els’ low magnetization values are thus consistent1323

with particles accelerated in relativistic shocks.1324

Our leptonic model has a number of advantages over1325

hadronic and lepto-hadronic models for neutrino emis-1326

sion. One is that our model produces much more reason-1327

able jet powers. This model can accommodate jet pow-1328

ers below the Eddington limit for a 109M↑, something1329

much more di!cult for hadronic and lepto-hadronic1330

models. Another is that the GeV ω-rays are produced1331

by the same component as the neutrinos. This leptonic1332
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photon source. However, we do not include accelerated1080

hadrons. Their modeling returns neutrino emission con-1081

sistent with the detection of IC-170922A, with a neu-1082

trino spectrum that peaks at → 20 PeV. The addition of1083

an external sheath allows the modeling of Ansoldi et al.1084

(2018) to give jet powers below the Eddington luminos-1085

ity of a 109M→ black hole.1086

Xue et al. (2019) modeled TXS 0506+056 in 20171087

September with a two-zone lepto-hadronic model. With1088

this model they were able to explain the electromag-1089

netic SED and the neutrino flux implied by the detec-1090

tion of IC-170922A. Our model also has multiple zones,1091

but without the complication of requiring accelerated1092

protons. Xue et al. (2019) were able to obtain neutrino1093

fluxes as high as → 10↑11 erg cm↑2 s↑1, about twice as1094

high as our leptonic model produces.1095

4. APPLICATION TO PKS 0735+178 IN 20211096

DECEMBER1097

4.1. Leptonic Model1098

In 2021 December, another neutrino event (IC-1099

211208A) was detected by IceCube from PKS 0735+1781100

(IceCube Collaboration 2021) coincident with a flar-1101

ing state found throughout the electromagnetic spec-1102

trum (e.g., Acharyya et al. 2023; Sahakyan et al. 2023;1103

Prince et al. 2024). The electromagnetic SED for the1104

flaring state (Figure 9) looks very similar to that of1105

TXS 0506+056 around the time of the detection of IC-1106

170922A from that source in 2017 September. PKS1107

0735+178 has a redshift of z = 0.45±0.06 based on host1108

galaxy imaging (Nilsson et al. 2012). We use z = 0.45 as1109

its redshift, giving it a luminosity distance of dL = 25001110

Mpc with our cosmological assumptions. However, the1111

uncertainty in its redshift should be kept in mind.1112

We use the SED of PKS 0735+178 on 2021 Dec 13-1113

14 as found by Acharyya et al. (2023). The neutrino1114

flux implied by the detection of IC-211208A is consistent1115

with 1 neutrino per year, using 30 m2 for the e!ective1116

area of IceCube, and emission over 1 decade in energy,1117

following Acharyya et al. (2023). As a track event, the1118

energy of IC-211208A is quite di”cult to measure, and1119

this is a very rough estimate of the uncertainty. It could1120

very well be larger. We show the 1ω Poisson uncertainty1121

in the implied flux for 1 event following Gehrels (1986).1122

We modeled this SED with our leptonic model. The1123

result can be found in Figure 9, with the parameters in1124

Table 1. The SED of this source is so similar to TXS1125

0506+056, so that in order to model PKS 0735+178, we1126

only needed to make a few minor changes to parameters1127

used in modeling TXS 0506+056. The model reproduces1128

the electromagnetic SED well, and the model neutrino1129

flux is consistent with the lower limit of that implied1130
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Figure 9. The SED for PKS 0735+178 in 2021 Dec 13-14.
The electromagnetic SED data (filled black points), archival
data (filled grey squares), and implied neutrino flux (filled
red diamond) are taken from Acharyya et al. (2023). The
neutrino flux assumes 1 year of emission over 1 decade in
energy. Upper limits are shown with downward pointing
arrows. Unfilled symbols with arrows indicate upper limits
de-absorbed with the EBL model of Finke et al. (2022). The
components for our model are shown with the curves labeled
in the plot.

by the IceCube detection of IC-211208A, although our1131

model peaks at a bit higher energy, it is within the es-1132

timated energy uncertainty of IC-211208A. Our model1133

flux reaches a peak of → 3 ↑ 10↑12 erg cm↑2 s↑1 at an1134

energy of → 700 TeV. The flavor ratio for the model for1135

PKS 0735+178 is1136

|ωω→ ↑




0.333 ± 0.003

0.334 ± 0.002

0.332 ± 0.001



 . (105)1137

We ensure that all of the constraints in our model1138

of TXS 0506+056 are also met for our model for PKS1139

0735+178. The electrons in the small blob are acceler-1140

ated to high energies (ε↓
2 → 109) without losing energy or1141

escaping, the muon decay timescale is shorter than other1142

relevant timescales, and the bulk Compton deceleration1143

timescale is longer than all other relevant timescales.1144

The latter was accomplished, as with the model for TXS1145

0506+056, adding a large number of cold electrons and1146

protons to the small blob. The power for this model is a1147

bit higher than for TXS 0506+056, but it is still below1148

the Eddington limit for a 109 M→ black hole. It also pro-1149

duces a PeV flux of → 10↑10 erg cm↑2 s↑1. Since PKS1150

0735+178 is at a higher redshift than TXS 0506+056,1151

we do not expect any PeV ε-rays from PKS 0735+1781152

to reach Earth.1153

Other Blazars

13

5BXB J0630-2406 z=1.24 (data from Fichet 
de Clairfontaine et al. 2023)

PKS 0735+178 z=0.45 (data from Acharyya et 
al. 2023)

PRE
LIM

INA
RY

PRE
LIM

INA
RY



Leptonic Model Signatures

14

Sharp cutoff in γ-ray spectrum required.

Eν,min/Eγ,max = 7100(1+z)

Eν,max = 4 (δ/50)(γ2/109)/(1+z) PeV

Eγ,cut < 560 (δ/50)(γ2/109) GeV

Can’t explain 220 PeV neutrino detected 
by KM3NeT

7100(1+z)

Eν,max

Eν,minEγ,cut
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Summary

15

� We have created a leptonic model that can reproduce electromagnetic and neutrino emission 
from blazars.  It can produce neutrino flux comparable to leptohadronic models with sub-
Eddington jet powers.

� A very hard external radiation field needed to allow electrons to be accelerated to PeV 
energies; and large number of cold protons needed to prevent deceleration from bulk 
Comptonization

� Neutrino detection from blazars alone may not be a signature for accelerated hadrons.

� The leptonic model has a number of signatures that are potentially observable
q Break in γ-ray spectrum
q Ratio of neutrino energy to γ-ray break energy
q Neutrino flavor ratio
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Neutrinos

17

Three flavors:  e, μ, τ

Most blazar models produce 
neutrinos with accelerated protons 
(hadrons):

IceCube neutrino detector at south pole.

p+

γ π+
e+

n

νeνμνμ
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Table 1. Model Parameters. Free parameters are numbered.

Parameter Symbol TXS 0506+056 PKS 0735+178 5BZB J0630→2406

1. Bulk Lorentz Factor ! 50 50 50

2. Doppler factor ωD 50 50 50

Extended Jet Parameters

3. Extended Jet Luminosity [erg s→1] Lext 8.0↑ 1043 1.0↑ 1044 2.0↑ 1043

4. Extended Jet Size Scale [cm] Rext 4.0↑ 1016 4.0↑ 1016 4.0↑ 1016

5. Extended Jet Turnover Energy ε0 3.0↑ 10→6 3.0↑ 10→6 8.0↑ 10→7

6. Extended Jet Magnetic Field Strength [G] Bext 7↑ 10→4 7↑ 10→4 7↑ 10→4

7. Extended Jet opening angle [rad] ϑj 0.020 0.020 0.020

Large Blob Parameters

8. Large Blob Radius [cm] R↑
l 2.6↑ 1017 1.3↑ 1016 8.7↑ 1015

9. Large Blob Magnetic Field [G] B↑
l 6.0↑ 10→3 9.0↑ 10→2 1.0

10. Electron Distribution Normalization N ↑
e,0 4.6↑ 1045 1.3↑ 1045 3.6↑ 1043

11. Electron Index 1 p1 2.0 2.0 2.5

12. Electron Index 2 p2 4.3 4.4 5.0

13. Minimum Electron Lorentz Factor ϖ↑
1 1↑ 102 2↑ 102 1↑ 103

14. Maximum Electron Lorentz Factor ϖ↑
2 3.0↑ 107 1.3↑ 105 1↑ 106

15. Break Electron Lorentz Factor ϖ↑
b 3.3↑ 104 9.6↑ 103 1.0↑ 104

Jet Power in Electrons [erg s→1] Pj,e 1.1↑ 1046 3.5↑ 1045 1.8↑ 1044

Jet Power in Magnetic Field [erg s→1] Pj,B 4.5↑ 1043 2.7↑ 1043 1.4↑ 1045

Small Blob Parameters

16. Small Blob Radius [cm] R↑
s 1.1↑ 1015 1.0↑ 1015 6.7↑ 1014

17. Small Blob Magnetic Field [G] B↑
s 3.0↑ 10→4 3.0↑ 10→4 7.0↑ 10→4

18. Electron Escape Time Constant ϱesc 15 12 20

19. Electron Injection Index q 1.7 1.7 1.7

20. Minimum Electron Injection Lorentz Factor ϖ↑
1 6.0 13 1.0↑ 102

21. Electron Injection Power [erg s→1] L↑
e,inj 5.7↑ 1041 1.6↑ 1042 1.5↑ 1042

22. Cold Electron to Proton ratio Ne,c/Np 0.966 0.964 0.916

Maximum Electron Injection Lorentz Factor ϖ↑
2 3.0↑ 109 1.8↑ 109 1.3↑ 109

Co-moving Frame Deceleration Timescale [s] t↑decel 5.8↑ 105 4.7↑ 105 1.3↑ 105

Jet Power in Cold Electrons [erg s→1] Pj,e,c 1.3↑ 1043 3.6↑ 1043 1.4↑ 1043

Jet Power in Nonthermal Electrons [erg s→1] Pj,e 3.6↑ 1045 6.4↑ 1045 3.5↑ 1045

Jet Power in Magnetic Field [erg s→1] Pj,B 2.1↑ 1036 1.8↑ 1036 4.1↑ 1036

Jet Power in Cold Protons [erg s→1] Pj,p 2.5↑ 1046 6.8↑ 1046 2.8↑ 1046

Total Jet Power (Small+Large Blobs) [erg s→1] Pj,tot 4.0↑ 1046 7.8↑ 1046 3.3↑ 1046

ratio of neutrinos for this model, computed from Equa-967

tion (92), is968

|ωω→ ↑




0.332 ± 0.003

0.335 ± 0.002

0.334 ± 0.001



 . (102)969

In Figure 8, we plot various timescales relevant to the970

small blob, in the co-moving frame. The electron accel-971

eration timescale is less than the energy loss or escape972

timescale (see Section 2.5.2) up to ε
→
2 ↑ 3.0 ↓ 109,973

indicating that electrons can indeed be accelerated to974

high enough energies for our model to produce neutrinos.975

The bulk Comptonization deceleration timescale (Sec-976

tion 2.5.10) is also plotted, indicating that it is longer977

than all other relevant timescales. The small blob will978

not decelerate from this process before the electrons can979

be accelerated and radiate. In order for this to be pos-980

sible, we increased the number of cold electrons con-981

siderably, and hence the number of cold protons in the982

small blob, in order to provide it with more inertia so it983
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Muon decay produces neutrinos with 
ratio 0.5 : 0.5 : 0.  After neutrino 
oscillations gives 0.36 : 0.31 : 0.33.
Pion decay produces neutrinos with 
ratio 0.33 : 0.67 : 0 After neutrino 
oscillations gives 0.30 : 0.36 : 0.33.

In principle observations could 
distinguish models.  Thus far, 
measurement of all astrophysical 
neutrinos by IceCube cannot distinguish 
them.

Measurement of the Three-Flavor Composition of Astrophysical Neutrinos

Figure 2: Fits to the astrophysical flavor ratio with the MESE sample for the baseline assumption of a BPL
flux (blue) and for the cross-check with an SPL fit (orange). 68% CL and 95% CL Wilks’ contours are
shown here along with the best fit. The best fit from both flux assumptions are consistent with each other.
Assumptions of flavor ratio at source, after undergoing oscillations during their propagation towards Earth
are also shown in the figure.

• An increased livetime: We use 11.4 years of data collected with IceCube in this analysis.

4. Conclusion

The results presented here show that, for the first time, we are able to constrain the fraction of
neutrinos of each flavor of neutrino to be > 0 with more than 68% CL. Based on the maximum-
likelihood test, we reject zero electron neutrinos with 98.7% CL and a zero fraction of tau neutrinos
with 91.9% CL. While the best fit flavor ratio of 54 : 5` : 5g = 0.30 : 0.37 : 0.33 is closest
to the standard pion decay scenario, the muon-damped source scenario is still within the 68%
CL contour. A neutrino flux dominated by neutron decay at source is rejected at 94.8% CL with
the Wilks’ contour from the maximum-likelihood fit. Although a previous analysis from IceCube
(’Combined Fit (2015)’ [8]) rejected the neutron-decay scenario at a higher confidence level, the
previous analysis used no information about tau neutrinos. This analysis uses an updated treatment
of systematics and better modeling of the ice, which affects light propagation and therefore the
description of signal collection by the DOMs. The best fit of the flavor ratio lies on the line
connecting the three standard source scenarios, which is the only region allowed by the standard
theory of neutrino oscillations [10]. Therefore, our results are consistent with this theory. Future
studies including other methods of classifying tau-neutrino events, for instance a neural-network

6

IceCube Collaboration arXiv:2507.07212
arXiv:2510.24957

1:1:0
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Figure 4. The primary electron distribution in the small
blob from the model for emission from TXS 0506+056.

10
23

10
25

10
27

10
29

10
31

10
33

10
35

ν [Hz]

10
-30

10
-29

10
-28

10
-27

10
-26

10
-25

10
-24

10
-23

10
-22

10
-21

10
-20

10
-19

10
-18

10
-17

10
-16

10
-15

10
-14

10
-13

ν
F

ν
 [

er
g
 s

-1
 c

m
-2

]

electromagnetic 1st neutrino 1st

electromagnetic 2nd

neutrino 2nd

Figure 5. Similar to Figure 3, but showing the first two
generations of the cascade. The cascade Compton scat-
tered emission (i.e., electromagnetic emission) is shown by
the green curves. The solid curve indicates the observed
emission, while the dashed curve indicate the emission ab-
sorbed by soft photons from the extended jet. The red curve
indicates the neutrino emission from the cascade.

does not decelerate. This is quite di!erent than what is984

usually done in the literature, where it is assumed that985

there are no cold electrons; however, there is no reason986

they would not be present.987

Figure 8 also demonstrates the cooling988

timescales for di!erent values of the parameter989

ω, the spectral index for the extended jet. This990

demonstrates that large values of ω are needed to991

accelerate electrons to high enough energies for992

significant numbers of neutrinos to be produced.993
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Figure 6. The timescales for muons to decay, escape the
extended jet, and lose energy through Compton scattering,
as a function of muon Lorentz factor, in the frame stationary
with the galaxy, for our model for TXS 0506+056.
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Another reason large values for ω are needed is994

demonstrated in Figure 7. For smaller values995

of ω, the ratio of absorption by electron produc-996

tion will be greater than the absorption by muon997

and pion production by a larger amount. More998

photons will be absorbed by the electron pro-999

duction process, leaving fewer to be absorbed by1000

the muon and pion production process that ulti-1001

mately produce neutrinos.1002
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active galactic nuclei (Hooper & Plant 2023), the lat-66

ter of which is most relevant to neutrinos associated67

with Seyfert galaxies, such as NGC 4151, NGC 1068,68

and NGC 3079 (e.g., Neronov et al. 2024; Abbasi et al.69

2025). This process has also been explored in the con-70

text of ultra-high energy photons interacting with CMB71

photons (Wang et al. 2017; Esmaeili et al. 2022). Here72

we explore this process for creating neutrinos in the jets73

of blazars. This could o↵er an interesting alternative for74

hadronic models as the source of neutrinos in blazars,75

and provide a stronger connection between �-rays (as76

observed by Fermi-LAT) and neutrinos. In particular,77

we apply this model to electromagnetic and neutrino ob-78

servations of the blazars TXS 0506+056 (Aartsen et al.79

2018b), PKS 0735+178 (IceCube Collaboration 2021),80

and 5BZB J0630�2406 (Fichet de Clairfontaine et al.81

2023).82

In Section 2 we describe our leptonic model for neu-83

trino emission from blazars in detail. We apply it84

to three blazars where neutrinos have been detected;85

namely, PKS 0506+056 (Section 3), PKS 0735+17886

(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87

we conclude with a discussion in Section 6.88

2. FORMALISM89

2.1. Model Setup90

After considerable experimentation, we found that we91

were not able to reproduce the broadband spectral en-92

ergy distribution (SED) with a single zone in the jet,93

as is often assumed in blazar models. Therefore we94

had to explore multiple emission regions. [SR: Hadronic95

models also require multi-emission zones and so does96

leptonic models for some blazars. Perhaps we need to97

mention this, otherwise it seems like a limitation only98

for our model.][Now mentioned briefly in the introduc-99

tion.] We assume the emission is from two, compact,100

spherical emitting regions in the blazar jet, each mov-101

ing with the same high relativistic speed � in units of102

the speed of light c giving the emitting regions a bulk103

Lorentz factor � = (1 � �
2)�1/2. The jet is at a small104

angle ✓ = arccosµ to the line of sight, giving each com-105

ponent a Doppler factor106

�D =
1

�(1� �µ)
. (1)107

We refer to the di↵erent blobs as a small blob, and a large108

blob, with radii in the frame co-moving with the jet R0
s109

and R
0
l, respectively. As the names imply, R0

s < R
0
l. The110

small (large) blob has a comoving tangled, homogeneous111

magnetic field strength B
0
s(l). In general, we will use112

primes to indicate quantities in the co-moving frame,113

and unprimed variables for quantities in the stationary114

Figure 1. Illustration of the various components of our
model. The extended jet stretches from the black hole to in-
tergalactic space, beyond the scope of this model. It is likely
approximately parabolic near the black hole, and approxi-
mately a conical, Blandford-Konigl jet after a recollimation
shock (e.g., Potter & Cotter 2015). The small blob may be
located near the recollimation shock, and “sees” the full ra-
diation field from the extended jet. The large blob is farther
from the black hole, where the extended jet radiation will be
much less intense, and does not “see” the radiation from the
extended jet.

frame of the galaxy or the observer’s frame. For the two115

emitting blobs, we attempted to find solutions with as116

similar as possible parameters.117

Additionally, we included an extended jet to explain118

the radio emission, provide seed photons for Comp-119

ton scattering for the small blob, and to absorb �-rays120

and produce muons. The extended jet is consistent121

with a model where the jet is composed of many syn-122

chrotron self-absorbed components (e.g., Blandford &123

Königl 1979; Konigl 1981; Finke 2019). This model can124

explain the flat radio spectra (in flux density, F⌫) ob-125

served in blazars. For our purposes, we model the radia-126

tion from this component as simply a broken power-law,127

as described in Section 2.3 below. In the grand tradition128

of physics, we assume all components, including the ex-129

tended jet, are spherical, much like the proverbial cow.130

The large blob is assumed to be far enough away from131

the black hole and the base of the extended jet that it132

does not “see” the radiation field from the extended jet.133

An illustration of the di↵erent components of this model134

can be seen in Figure 1.135

2.2. Preliminary Model Exploration136

The photon-photon electron pair creation process (�+137

� ! e
+ + e

�, sometimes known as the Breit-Wheeler138

process) has been well studied in blazars. The process139

is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142

1995) and with broad-line region (BLR) and dust torus143

(DT) photons (e.g., Reimer 2007; Poutanen & Stern144
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namely, PKS 0506+056 (Section 3), PKS 0735+17886

(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87

we conclude with a discussion in Section 6.88
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Figure 1. Illustration of the various components of our
model. The extended jet stretches from the black hole to in-
tergalactic space, beyond the scope of this model. It is likely
approximately parabolic near the black hole, and approxi-
mately a conical, Blandford-Konigl jet after a recollimation
shock (e.g., Potter & Cotter 2015). The small blob may be
located near the recollimation shock, and “sees” the full ra-
diation field from the extended jet. The large blob is farther
from the black hole, where the extended jet radiation will be
much less intense, and does not “see” the radiation from the
extended jet.
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as described in Section 2.3 below. In the grand tradition128

of physics, we assume all components, including the ex-129

tended jet, are spherical, much like the proverbial cow.130

The large blob is assumed to be far enough away from131

the black hole and the base of the extended jet that it132

does not “see” the radiation field from the extended jet.133
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is invoked by �-rays interacting with the extragalactic140

background light (e.g. Gould & Schréder 1967a); with141

synchrotron photons in the jet (e.g., Dondi & Ghisellini142

1995) and with broad-line region (BLR) and dust torus143

(DT) photons (e.g., Reimer 2007; Poutanen & Stern144
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(Section 4), and 5BZB J0630�2406 (Section 5). Finally,87
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much less intense, and does not “see” the radiation from the
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