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In the study of radiation mechanisms of active galactic nuclei (AGN) jets, hadronuclear (pp) interactions
are commonly neglected, because the number density of cold protons in the jet is considered insufficient.
Very recently, our previous work proves that pp interactions in the low TeV luminosity AGN, which have
the potential to generate detectable very-high-energy (VHE) emission, could be important. Based on this,
the one-zone ppmodel is employed to study low-state quasisimultaneous spectral energy distributions of a
sample of low TeV luminosity AGN in this work. Our modeling results show that the γ ray generated in pp
interactions can explain the observed TeV spectra and contribution to the higher-energy band that could be
detected by the Large High Altitude Air Shower Observatory (LHAASO). In the sample, we suggest that M
87, Mrk 421, and Mrk 501 are the most likely objects to be detected by LHAASO in the near future. Other
possible origins of VHE emission are also briefly discussed.
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I. INTRODUCTION

Being some of the most powerful persistent objects of
electromagnetic radiation in the Universe, the jet-domi-
nated active galactic nuclei (AGN), generally including
blazars and radio galaxies (RGs), dominate the diffuse
extragalactic γ-ray background [1,2]. In the unification
model of AGN [3], blazars are the subclass with relativistic
jets pointing to observers. Based on their optical spectra,
blazars are divided into BL Lacertae objects (BL Lacs) with
weak or no emission lines equivalent width (EW)
(EW < 5 Å) and flat spectrum radio quasars with stronger
emission lines (EW ≥ 5 Å). In contrast to blazars, RGs are
viewed at a substantial inclination to the jet axis. According
to the jet luminosity at 178 MHz, RGs are classified as
Fanaroff-Riley (FR) I (<5 × 1024 WHz−1 Sr−1) and II
(≥5 × 1024 WHz−1 Sr−1) sources [4]. Generally, FR I
RGs are believed to be the parent population of BL
Lacs. In the TeVCat catalog [5], most TeV blazars are
BL Lacs and all the TeV RGs are FR I RGs.
The broadband spectral energy distributions (SEDs) of

jet-dominated AGN display two bumps. Due to the
detection of significant linear polarization [6], it is gen-
erally accepted that the low-energy bump, from radio to
optical/x ray, originates from the synchrotron radiation of
primary relativistic electrons that accelerated in the jet.
According to peak frequency νS;peak of the low-energy
bump, blazars are divided into low synchrotron peaked

(νS;peak ≲ 1014 Hz), intermediate synchrotron peaked
(1014 ≲ νS;peak ≲ 1015 Hz), and high synchrotron peaked
(HSP, νS;peak ≳ 1015 Hz) sources [7–9]. At present, the
origin of the high-energy bump, from x ray to γ ray, is
debated. In leptonic scenarios, the high-energy bump is
explained by the inverse Compton (IC) radiation of primary
relativistic electrons that up-scatter soft photons, which
could be dominated by the synchrotron photons emitted by
the same population of electrons within the jet (synchrotron
self-Compton, SSC; e.g., [10]) or by the photons from the
fields outside the jet (external inverse Compton, EC; e.g.,
[11]). In hadronic scenarios, both the proton synchrotron
radiation [12–14] and the emission from secondary
particles [15] that generated in the hadronic interactions
and internal γγ pair production account for the high-energy
bump.
When modeling SEDs of jet-dominated AGN, the most

commonly applied model is the one-zone model, which
assumes that all the jet’s nonthermal emission comes from a
compact spherical region (e.g., [16,17]). Since various soft
photon fields (such as the jet inside, sheath structure of jet,
accretion disk, broad-line region, and dusty torus) exist in
the AGN environment, photohadronic (pγ) interactions,
including the photopion production and Bethe-Heitler pair
production, are naturally considered as the most likely
hadronic processes. However, pγ interactions seem to fail
on interpreting some observational phenomena in the
framework of the one-zone model. For example, the
one-zone pγ model can only predict a very low annual
neutrino detection rate for recently discovered association*zerui_wang62@163.com
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events between blazars and high-energy neutrinos [18–23].
In addition, when fitting the hard TeV spectra of blazars,
since the pγ interactions are very inefficient, the required
jet power would be 6–7 magnitude higher than the
Eddington luminosity of the central supermassive black
hole (SMBH) [24,25], even comparable to the character-
istic energy of a γ-ray burst [26].
In the study of investigating the radiation mechanisms of

AGN jets, the hadronuclear (pp) interactions for blazars are
commonly neglected, since the particle density in the jet is
believed insufficient [27], and for RGs, pp interactions are
usually considered in large-scale components of jet, such as
giant lobes [28–31]. Our previous work [32] provides an
analytical method to study if pp interactions could be
important for blazars. Analytical results suggest that
sufficient cold protons may exist in the jet of low TeV
luminosity AGN, so that pp interactions can contribute to
the TeV spectrum without introducing extreme physical
parameters. Moreover, since the γ-ray spectrum produced
from π0 decay in the pp interactions basically follows the
spectrum of primary protons, it may have a wide spectrum
in VHE (0.1 ∼ 100 TeV) γ-ray band, which could be
detected by the Large High Altitude Air Shower
Observatory (LHAASO) [33] in the near future. In this
work, following our previous analytical results [32], we
collect a sample of low TeV luminosity AGN and revisit
their quasisimultaneous multiwavelength SEDs in the
framework of the one-zone pp model and study if the
emission from pp interactions in the jet has a potential
contribution to the VHE band. This paper is organized as
follows. The description of the one-zone pp model is
presented in Sec. II. In Sec. III, we apply our model to a
sample of 12 low TeV luminosity AGN. Finally, we end
with discussion and conclusion in Sec. IV. The cosmo-
logical parameters H0 ¼ 69.6 km s−1Mpc−1, Ω0 ¼ 0.29,
and ΩΛ ¼ 0.71 [34] are adopted in this work.

II. MODEL DESCRIPTION

Based on the conventional one-zone leptonic model, we
further consider hadronic emission from pp interactions, in
which cold protons are from the jet inside. Currently, the jet
composition is uncertain [35]. Both a normal jet with pure
e− − p plasma and a jet with pure e� pair plasma have been
extensively studied [36–40]. In our model, we do not
specify the jet composition, but assume that the total jet
power is dominated by relativistic and cold protons [32],
where cold protons are assumed to be the part of protons
that are not accelerated in the jet. A sketch of our model is
shown in Fig. 1. In the framework of one-zone model, it is
assumed that all the jet’s nonthermal radiation is from a
single spherical region (hereafter referred to as the blob)
composed of a plasma of charged particles in a uniformly
entangled magnetic field B with radius R and moving with
the bulk Lorentz factor Γ ¼ 1ffiffiffiffiffiffiffiffi

1−β2Γ
p , where βΓc is the speed

of the blob, at a viewing angle θobs with respect to the line
of sight of the observer. For blazars, since the jet is pointing
to us, the observed emission will be Doppler boosted by a
factor δ4D, where δD ¼ ½Γð1 − βΓ cos θobsÞ�−1 is the Doppler
factor. It is usually difficult to constrain θobs, therefore we
simply set δD ≈ Γ by assuming θobs ≲ 1=Γ in the modeling
of the blazars’ emission. For RGs, δD is determined by
introducing a reasonable value of θobs as suggested in
observations. In the following, all quantities are measured
in the comoving frame, unless specified otherwise.

A. Particle energy distribution

Relativistic electrons are assumed to be injected with a
smooth broken power-law energy distribution at a constant
rate given by

_Qinj
e ðγeÞ ¼ _Qe;0γ

−αe;1
e

�
1þ

�
γe
γe;b

�ðαe;2−αe;1Þ�−1
;

γe;min < γe < γe;max; ð1Þ

where _Qe;0 is the normalization in units of cm−3 s−1,
γe;min =b=max are the minimum, break, and maximum elec-
tron Lorentz factors, and αe;1 and αe;2 are the electron
spectral indices before and after γe;b. By giving an electron
injection luminosity Le;inj, _Qe;0 can be calculated byR

_Qinj
e γemec2dγe ¼ 3

4πR3 Le;inj, where me is the electron rest
mass, and c is the speed of light. When the radiative cooling
and/or particle escape balances with injection, a steady-
state electron energy distribution (EED) is achieved, which
can be written as

NeðγeÞ ≈ _Qinj
e ðγeÞte; ð2Þ
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FIG. 1. A schematic illustration (not to scale) of the one-zone
ppmodel. It is assumed that all the jet’s emission is from a single
spherical region, also known as the blob. In the blob, accelerated
relativistic electrons (the yellow circles) emit synchrotron and
SSC emissions, and accelerated relativistic protons (the red
circle) interact with cold protons (the blue circle) that come
from the jet inside.

RUI XUE, ZE-RUI WANG, and WEI-JIAN LI PHYS. REV. D 106, 103021 (2022)

103021-2



where te ¼ minftcool; tdyng. More specifically, tdyn ¼ R=c

is the dynamical timescale of the blob, and tcool ¼
3mec

4γeσTðUBþκKNUsynÞ is the radiative cooling timescale, where

σT is the Thomson scattering cross section, UB ¼ B2=8π is
the energy density of the magnetic field, Usyn is the energy
density of synchrotron photons, and

κKN ¼ 9

Usyn

Z
∞

0

dEEnsynðEÞ
Z

1

0

dq
2q2 ln qþqð1þ2qÞð1−qÞþ qðωqÞ2ð1−qÞ

2ð1þωqÞ
ð1þωqÞ3 ð3Þ

is a numerical factor accounting for the Klein-Nishina (KN)
effect [41], where E is the energy of target photons, nsynðEÞ
is the number density distribution of synchrotron photons,
and ω ¼ 4Eγe=ðmec2Þ. In consideration of the EED evo-
lution, the SSC process causes nonlinear cooling effects
[42]. In our modeling, based on the assumption that the
observed SEDs of our sample are dominated by the
emission from primary electrons, by introducing the
Compton parameter Y, which represents the ratio of fluxes
or luminosities of high- and low-energy bumps, tcool can be
estimated as tcool ¼ 3mec

4γeσTUBð1þYÞ.
Relativistic protons are assumed to be injected with a

power-law energy distribution at a constant rate,

_Qinj
p ðγpÞ ¼ _Qp;0γ

−αp
p ; γp;min < γp < γp;max; ð4Þ

where _Qp;0 is the normalization in units of cm−3 s−1,
γp;min =max are the minimum and maximum proton
Lorentz factors, and αp is the spectral index. Similarly,

by giving a proton injection luminosity Lp;inj, _Qp;0 can be

determined by
R
_Qinj
p γpmpc2dγp ¼ 3

4πR3 Lp;inj, where mp is
the proton rest mass. Then the steady-state proton energy
distribution (PED) can be written as

NpðγpÞ ≈ _Qinj
p ðγpÞtp; ð5Þ

where tp ¼ minftpp; tdyn; tp;syng, with tp;syn ¼
6πmec2

ðcσTB2γpÞðmp=meÞ3 being the proton-synchrotron cooling time-

scale, and tpp ¼ 1
KppσppnHc

being the cooling timescale of

pp interactions, where nH represents the number density of
cold protons in the jet. Kpp ≈ 0.5 is the inelasticity
coefficient, and σpp is the cross section for inelastic pp
interactions [43],

σpp ¼ ð34.3þ 1.88Lþ 0.25L2Þ
�
1 −

�
Epp
th

Ep

�
4
�
2

; ð6Þ

where Ep ¼ γpmpc2 is the relativistic proton energy, E
pp
th ¼

1.22 × 10−3 TeV is the threshold energy of production of
π0, and L ¼ lnðEp=1 TeVÞ.

B. Leptonic emission

After obtaining the steady-state EED NeðγeÞ, we adopt
the public PYTHON package NAIMA [44] to calculate the
synchrotron and IC emissions from the blob and to correct
the GeV-TeV spectrum absorbed by the extragalactic
background light (EBL) [45].
In the modeling of synchrotron emission, we further

calculate the synchrotron self-absorption (SSA), which is
not considered in NAIMA but is very important in the AGN
jet. The SSA coefficient is obtained by [46]

ksynðνÞ ¼ −
1

8πν2me

Z
dγePðν; γeÞγ2e

∂

∂γe

�
NðγeÞ
γ2e

�
; ð7Þ

where ν is the photon frequency, and Pðν; γeÞ is the
synchrotron emission coefficient for a single electron
integrated over the isotropic distribution of pitch angles.
Then we can calculate the synchrotron intensity using the
radiative transfer equation [47]

IsynðνÞ ¼
jsynðνÞ
ksynðνÞ

�
1 −

2

τSSAðνÞ2
ð1 − τSSAðνÞe−τSSAðνÞ

− e−τSSAðνÞÞ
�
; ð8Þ

where jsynðνÞ is the synchrotron emission coefficient
calculated by NAIMA, and τSSAðνÞ ¼ 2RksynðνÞ is the
SSA optical depth.
Strong emission lines are not detected in our sample (see

Table I), which indicates that there are no strong external
photon fields; therefore we neglect the photons from
external fields and only calculate SSC emission in the
modeling.

C. Hadronic emission

The pp interactions generate neutral and charged pions,
which are short-lived and eventually decay into secondary
particles, including γ-ray photons, electrons/positrons, and
neutrinos, i.e.,

pþ p → π0 → γ þ γ;

pþ p → πþ → νμ þ μþ → νμ þ eþ þ νe þ ν̄μ;

pþ p → π− → ν̄μ þ μ− → ν̄μ þ e− þ ν̄e þ νμ:

The pp interactions efficiency fpp can be estimated through

fpp ¼ KppσppnHR: ð9Þ
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Here we consider the total jet power Ljet as a fraction of the
Eddington luminosity of the SMBH LEdd, which is usually
seen as the upper limit of the jet power [69,70], i.e., Ljet ¼
ξLEdd; ξ ≤ 1. As the power of the relativistic and non-
relativistic electrons is normally negligible compared to
that of relativistic and nonrelativistic protons, the number
density of cold protons in the jet nH can be estimated by [32]

nH ¼ ð1 − χpÞξLEdd

πR2Γ2mpc3
; ð10Þ

where χp represents the ratio of the proton injection power to
the total jet power.
With the steady-state PED NpðγpÞ obtained in Sec. II A,

the differential spectrum of decayed γ-ray photons, elec-
trons/positrons, and neutrinos can be calculated with
analytical expressions developed in Ref. [43]. The energy
distribution of γ-ray induced pair cascades is evaluated
using a semianalytical method developed in Ref. [13]. In
fact, the internal γγ opacity contributed by the synchrotron
photons from primary electrons is smaller than unity (the
internal γγ opacity of each object in our sample is given in
the Appendix), so the secondary electrons/positrons are
mainly contributed by the pp interactions. The magnetic
field and soft photons from the primary and secondary
electrons/positrons are all included as targets when con-
sidering the cooling of secondary electrons/positrons. The
absorbed γ-ray photons will be redistributed at lower
energies through synchrotron and SSC emissions from
pair cascades. In the AGN environment, cascade emission
normally contribute from hard x-ray to the higher-energy
band (e.g., [18]), which would not significantly enhance the
cooling of primary electrons because of the severe (KN)
effect.

After obtaining intensities of leptonic Ilep and hadronic
Ihad processes, the observed flux density can be calculated by

FobsðνobsÞ ¼
πR2δ3Dð1þ zÞ

D2
L

ðIlep þ IhadÞe−τEBLγγ ; ð11Þ

where DL is the luminosity distance [71], z is the redshift,
νobs ¼ νδD=ð1þ zÞ, and τEBLγγ is the optical depth for the
EBL absorption [72]. The SED of EBL shows two main
components, one of which is an optical component with a
peak around 1 eV contributed by starlight and the other is an
infrared component with a peak around 1 × 10−2 eV origi-
nating from reprocessing of starlight by dust [73].
Depending on the redshift of the object, the emitted
photons with energy from ≳2m2

ec4=1 eV ≈ 0.52 TeV to
∼2m2

ec4=0.01 eV ≈ 52 TeV will be absorbed due to inter-
actions with EBL. In our modeling, since the γ-ray spectrum
produced by π0 decay in pp interactions basically follows
the spectrum of primary PED, this γ-ray spectrum may even
extend to the ultrahigh-energy (UHE, ≥100 TeV) γ-ray
band. However, UHE photons can hardly be observed from
AGN since they will be absorbed by the cosmic microwave
background (CMB) during the propagation (e.g., see Fig. 5
of Ref. [74]).

III. APPLICATION

As indicated by Ref. [32], if the γ ray generated in the pp
interactions has contribution to the TeV spectrum, and the
introduced jet power does not exceed the Eddington
luminosity of the SMBH, the blob radius will be strictly
constrained by

R
RS

≤
σpp
12σT

δ4D
Γ4

LEdd

Lobs
TeV

; ð12Þ

TABLE I. The sample. Columns from left to right: (1) the source name, (2) right ascension (RA), (3) declination (Decl.), (4) the
redshift of the source, (5) the SMBH mass in units of the solar mass,M⊙, (6) references that provide the (quasi)simultaneous SEDs, and
(7) the type of jet-dominated AGN. For TXS 0210þ 515, 1ES 2037þ 521, RGB J0152þ 017, 1ES 1741þ 196, and RGB
J2042þ 244, in absence of an estimated black hole mass, we considered an average value of 109 M⊙ [48,49].

Source name RA (J2000) Decl. (J2000) z MBH SED references Type
(1) (2) (3) (4) (5) (6) (7)

M 87 12 30 47.2 þ12 23 51 0.0044 6.5 × 109 [50] [51–53] FR I RGs
IC 310 03 16 43.0 þ41 19 29 0.0189 1 × 109 [54,55] [55] FR I RGs
3C 264 11 45 05.0 þ19 36 23 0.021718 5 × 108 [56] [57] FR I RGs
Mrk 421 11 04 19 þ38 11 41 0.031 1.3 × 109 [58] [59] BL Lac-HSP
Mrk 501 16 53 52.2 þ39 45 37 0.034 4.17 × 108 [60] [61] BL Lac-HSP
1ES 2344þ 514 23 47 04 þ51 42 49 0.044 6.31 × 108 [62] [63] BL Lac-HSP
TXS 0210þ 515 02 14 17.9 þ51 44 52 0.049 1 × 109 [64] BL Lac-HSP
1ES 2037þ 521 20 39 23.5 þ52 19 50 0.053 1 × 109 [64] BL Lac-HSP
RGB J0152þ 017 01 52 33.5 þ01 46 40.3 0.08 1 × 109 [65] BL Lac-HSP
1ES 1741þ 196 17 44 01.2 þ19 32 47 0.084 1 × 109 [66] BL Lac-HSP
RGB J2042þ 244 20 42 06 þ24 26 52.3 0.104 1 × 109 [64] BL Lac-HSP
1ES 0229þ 200 02 32 53.2 þ20 16 21 0.14 1.45 × 109 [67] [68] BL Lac-HSP
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whereRS is the Schwarzschild radius of the SMBHandLobs
TeV

is the EBL corrected TeV luminosity. It can be seen that
effectivepp interactions aremore likely to occur in low TeV
luminosity AGN, otherwise the requiredRwill be too small.
At present, LHAASO is the most sensitive equipment in
VHE γ-ray band [33]. The LHAASO sensitivity curve
consists of two components: the first is the water
Cherenkov detector (WCDA), operating in the energies
below10TeV, and the second is theKM2Aarray, sensitive to
energies above 10 TeV [75]. Since LHAASO is located in
Sichuan Province, China, we select 12 low TeV luminosity
jet-dominated AGN in the northern sky as our sample. The
detailed information of the sample is given in Table I.

In this section, we apply the one-zone pp model
proposed in this work to reproduce multiwavelength
SEDs of our sample. In the modeling, we do not aim to
search for the best-fit model, but rather to show that pp
interactions in the framework of the one-zone model can
contribute to VHE emission that can be detected by
LHAASO in the near future. Please note that steady-state
EED and PED are used in the modeling, therefore low/
quiescent state SEDs are studied in this work. In the
following, we present brief descriptions and show fitting
results for each source. The adopted free and derived/fixed
parameters are shown in Table II.

TABLE II. Parameters for SED fitting with the one-zone pp model.a

Free parameters Γ R (cm) B (G) Le;injðerg s−1Þ γe;b αe;1 αe;2 ξ γp;max αp
Derived/fixed parameters Panel θobsð∘Þ δD γe;min γe;max γp;min χp LEddðerg s−1Þ nHðcm−3Þ fpp χ2

M 87 Upper 3 6 × 1017 2.5 × 10−3 7 × 1042 8 × 103 1.2 3.5 5 × 10−3 4.1 × 107 1.5
15 3.7 1 107 1 0.5 9.0 × 1047 2.0 × 103 1.8 × 10−5 2.9

Middle 3 6 × 1017 1 × 10−3 3 × 1043 2 × 104 1.9 3.5 5 × 10−3 1.7 × 107 1.5
15 3.7 1 107 1 0.5 9.0 × 1047 2.0 × 103 1.8 × 10−5 9.3

Lower 3 1.5 × 1017 5 × 10−3 2.2 × 1042 2 × 104 1.5 3.5 2.4 × 10−3 2.1 × 106 1.5
15 3.7 1 107 1 0.5 9.0 × 1047 3.1 × 104 7.1 × 10−5 1.9

IC 310 Upper 5 4 × 1015 0.3 1.3 × 1041 1.5 × 106 2 3.1 0.14 3.3 × 106 1.5
10 5.7 1 107 1 0.5 1.3 × 1047 2.3 × 106 1.4 × 10−4 5.1

Lower 3 2 × 1016 0.17 7 × 1041 1.1 × 106 1.6 2.8 1 1.9 × 106 1.5
20 2.9 1 107 1 0.5 1.3 × 1047 1.4 × 105 4.1 × 10−5 4.3

3C 264 10 4 × 1015 0.1 5.3 × 1040 6.9 × 103 1.4 2.9 1 9.9 × 106 1.5
5 11.4 1 107 1 0.5 6.9 × 1046 1.5 × 105 1.1 × 10−5 3.1

Mrk 421 40 5 × 1015 0.1 4 × 1040 3.1 × 105 2.4 6.5 1 1.4 × 105 1.5
40 1 107 1 0.5 1.9 × 1047 1.6 × 104 1.23 × 10−6 6.1

Mrk 501 35 8 × 1014 0.3 6.2 × 1040 1.1 × 105 2.2 3.5 1 5.8 × 105 1.5
35 1 107 1 0.5 5.8 × 1046 3.4 × 105 5.4 × 10−6 2.2

1ES 2344þ 514 30 1.2 × 1015 0.2 2.9 × 1040 5 × 104 2 4 1 6.1 × 105 1.5
30 1 107 1 0.5 8.7 × 1046 1.4 × 106 2.1 × 10−5 2.6

TXS 0210þ 515 10 1.1 × 1015 0.65 3.1 × 1040 1.5 × 105 1.5 2 0.3 1.8 × 106 1.5
10 1 107 1 0.5 1.3 × 1047 3.6 × 106 5.4 × 10−5 1.9

1ES 2037þ 521 30 1.1 × 1015 0.07 7.1 × 1039 5.8 × 105 1.5 4 1 1.9 × 105 1.5
30 1 107 1 0.5 1.3 × 1047 2.2 × 106 3.2 × 10−5 1.1

RGB J0152þ 017 30 1.1 × 1015 0.1 1.5 × 1040 1.3 × 105 1.5 3.7 1 2.8 × 104 1.5
30 1 107 1 0.5 1.3 × 1047 5.4 × 105 8.12 × 10−6 6.7

1ES 1741þ 196 30 1.3 × 1015 0.19 5 × 1040 4 × 105 2.2 4 1 5.3 × 105 1.5
30 1 107 1 0.5 1.3 × 1047 2.2 × 106 3.2 × 10−5 2.9

RGB J2042þ 244 30 7 × 1014 0.6 8 × 1039 4 × 104 1.5 3.5 1 1.2 × 106 1.7
30 1 107 1 0.5 1.3 × 1047 4.4 × 106 4.7 × 10−5 2.5

1ES 0229þ 200 30 2.7 × 1014 1.3 6.8 × 1039 2.3 × 105 1.3 4 1 9.7 × 104 1.5
30 1 107 1 0.5 2.5 × 1047 5.5 × 107 2.2 × 10−4 2.6

aThe blob radius R is not a completely free parameter. In order to make the emission from pp interactions contribute to VHE and
UHE bands, the adopted values of R are lower than the maximum value constrained by Eq. (12). As suggested in Ref. [32], we fix
χp ¼ 0.5. The maximum parameter space can be obtained under this condition, which also indicates that the kinetic power of cold
protons and the relativistic proton injection power each account for half of the total jet power. The number density of cold protons nH is
derived by Eq. (10) and the pp interaction efficiency fpp is obtained by setting a constant cross section for inelastic pp interactions
σpp ¼ 6 × 10−26 cm2. The corresponding chi-square χ2 value for each object is calculated by χ2 ¼ 1

m−d:o:f:
P

m
i¼1ðŷi−yiσi

Þ2, where m is the
number of quasisimultaneous observational data points, d.o.f. are the degrees of freedom, ŷi are the expected values from the model, yi
are the observed data, and σi is the standard deviation for each data point.
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A. M 87

As one of the closest AGN, the Virgo cluster galaxy
M 87 harbors the first example of an extragalactic jet that
has been observed by astronomers [76], hosts one of the
most massive SMBHs [50], is detected as the first TeV RG
[77], and is the first object to have a direct image of a
SMBH “shadow” [78]. As a typical RG, the viewing angle
of the M 87 jet axis to the line of sight is between 15° and
25° [79–81]. The fastest variability timescale detected in
VHE band is about 1 day, which constrains the size of the
flaring emission region to a small scale [82]. Since 2010,
the VHE emission of M 87 is basically in a low state [52].
At present, the location of the VHE emitting region remains
unclear. Various possible origins are discussed [83–85],
among which strong hints suggest that the variable VHE
emission is from the core region [80,86].
For the core emission of M 87, Ref. [51] (Fig. 2, upper

panel) collected historical data to create a multiwavelength
SED for the average low-state, Ref. [52] (Fig. 2, middle
panel) provided a multiwavelength SED between 2012 and
2015 during the low VHE γ-ray state, and Ref. [53] (Fig. 2,
lower panel) obtained a low-state multiwavelength SED
during the 2017 Event Horizon Telescope (EHT) campaign.
As shown in Fig. 2, these three low-state SEDs are
reproduced with the one-zone pp model. In the modeling,
we fix θobs ¼ 15° and Γ ¼ 3, which are consistent with
apparent motion observations [79,87,88]. It can be seen that
the broadband spectrum from radio to GeV band is
contributed by the leptonic emission from the primary
electrons (dashed curves) and VHE spectrum is dominated
by the emission from pp interactions (dotted curves).
Despite the fact that the production site of VHE emission
remains unclear, our modeling results suggest that pp
interactions that occur in the core region can contribute to
the low-state VHE spectrum. Under the current parameter
set, the model predicted γ-ray flux well exceeds the one-
year sensitivity of KM2A array of LHAASO. Therefore,
γ-ray emission from M 87 might be detected by LHAASO
in the near future, which could test if efficient pp
interactions do exist in the jet of M 87. Please note that
when fitting the SED during the 2017 EHT campaign [53],
the model predicted γ-ray flux is very high, which also
exceeds the one-year sensitivity of WCDA of LHAASO,
since its relative flat VHE spectrum has a looser constraint
compared to those of Refs. [51,52]. These three low-state
SEDs are similar to each other, however, the SED of
Ref. [53] exhibits a significant “flat” x-ray excess, which is
hard to be explained by leptonic emission alone (as shown
in Figs. 17 and 18 of Ref. [53]). In our modeling, we
suggest that it can be well fitted by the cascade emission
(also see Ref. [89] for the disk origin explanation). In order
to do so, compared to free parameters adopted in the fitting
of upper and middle panels of Fig. 2, a relative lower γp;max

is required. At the same time, if secondary cascades with
lower energies can generate enough emission to explain the

x-ray excess, a stronger magnetic field also needs to be
introduced. Moreover, in order to make the SSC emission
of primary electrons still fit GeV data contemporaneously, a
relatively smaller blob radius has to be set. From Eq. (10), it
can be seen that the number density of cold protons will be

FIG. 2. The low-state multiwavelength SEDs of the M 87 core.
The data points in the upper, middle, and lower subfigures are
taken from Refs. [51–53], respectively. The blue and purple solid
curves represent the one-year sensitivities of WCDA and KM2A
of LHAASO [33], respectively. The dashed green and red curves
represent the synchrotron and SSC emission from primary
relativistic electrons in the blob, respectively. The dotted red
curve represents the emission from pair cascades. The dotted
green curve shows the γ-ray emission from π0 decay in pp
interaction. The solid black curve is the total emission from
the blob.
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increased accordingly. In general, we believe that the flat x-
ray excess given by Ref. [53] can be well explained by
cascade emission and implies that the emitting region will
be closer to the jet base. On the other hand, we do not fit the
radio spectrum when reproducing the SED of Ref. [53],
because this well-observed radio spectrum exhibits an
obvious core-shift feature; i.e., higher frequency radio
emission comes from a denser region, which is more
appropriate to be explained by a conical jet model [90]
rather than the simplified one-zone model. Radio obser-
vation [53] suggests that the lowest frequency data point
comes from a region with a radius less than 650RS, i.e.,
≤1.2 × 1018 cm, which is consistent with the blob radius
set during the fitting.

B. IC 310

The radio galaxy IC 310, also known as B0313þ 411
and J0316þ 4119, is located on the outskirts of the
Perseus cluster. With a viewing angle of 10°–20° [91],
IC 310 is considered as a transition object at the
borderline dividing low-luminosity FR I RGs and BL
Lacs [92,93]. Its VHE emission with an extremely short
timescale (∼5 min) was first detected by the MAGIC
Collaboration [91].
Reference [55] provides the first simultaneous SED

during the multiwavelength campaign from November
2012 to January 2013 when the VHE emission is in a
low state. Since IC 310 is a transition AGN, Ref. [55]
reproduced the SED in two cases, which assume that IC
310 is a blazar (upper panel) or a RG (lower panel).
Following Ref. [55], we also fit the SED by treating it as a
blazar with θobs ¼ 10° and a RG with θobs ¼ 20°, respec-
tively. Our fitting results are given in Fig. 3. For the leptonic
emission, our fitting results and adopted parameters are
basically consistent with those in Ref. [55], although there
are some slight differences. In our modeling, the VHE
spectrum is explained by the π0 decay, which also has a
considerable contribution to the energy band that exceeds
the one-year sensitivity of LHAASO.

C. 3C 264

The FR I RG 3C 264 is the fourth RG detected at the
VHE band [57]. Between 2017 and 2019, a mild VHE
variability was detected by the Very Energetic Radiation
Imaging Telescope Array System, while other energy bands
are basically in the low state. Although 3C 264 is classified
as a RG, the observation of apparent speeds constrains its
jet viewing angle to a small value θobs < 10° [94]. Treating
3C 264 as a BL Lac, Ref. [57] reproduced its simultaneous
SED by setting δD ¼ 10. Our fitting result is shown in
Fig. 4. In our modeling, we also treat 3C 264 as a blazar and
fix θobs ¼ 5 and Γ ¼ 10. Compared to the one-zone
leptonic modeling in Ref. [57], our modeling improves
the fitting of the VHE spectrum by further considering the

emission from pp interactions. Since 3C 264 is the most
distant RG, the EBL absorption becomes significant.
Constrained by the TeV data points, the model predicted
γ-ray flux generated in the π0 decay slightly exceeds the
one-year sensitivity of WCDA of LHAASO.

FIG. 3. The low-state multiwavelength SEDs of IC 310 that
taken from Ref. [55]. Upper: the fitting result when assuming IC
310 is a blazar with θobs ¼ 10°. Lower: the fitting result when
assuming IC 310 is a FR I RG with θobs ¼ 20°. The line styles
have the same meaning as in Fig. 2.

FIG. 4. The low-state multiwavelength SED of 3C 264 taken
from Ref. [57]. The line styles have the same meaning as
in Fig. 2.
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D. Mrk 421

As one of best studied blazars, Mrk 421 was also the first
VHE emitter detected by the Whipple telescope in 1992
[95]. Its multiwavelength light curves are highly variable
and show complicated variability patterns. For instance, x-
ray variability normally correlates to the VHE variability
[96–99], however, the correlations of the variabilities
between other bands and these two bands are reported
as weak or nonexistent [98,100–102].
The averaged SED of Mrk 421 resulting from quasisi-

multaneous observations integrated over a period of
4.5 months is provided by Ref. [59], which is the most
complete SED ever collected. In our fitting result, as shown
in Fig. 5, the multiwavelength SED is interpreted by the
leptonic emission from primary electrons. The hadronic
emission from π0 decay has a subdominant contribution to
the highest-energy TeV data point and has a significant
contribution to the higher-energy band, which exceeds the
one-year sensitivity of LHAASO. It should be noted that
the flux of the current detected VHE data points far exceeds
the one-year sensitivity of WCDA of LHAASO; therefore,
regardless of the origin of the currently observed VHE
spectrum, higher-energy emission is likely to be discovered
by LHAASO because the current VHE spectrum does not
exhibit truncated features. From our fitting result, it can be
seen that the subdominant hadronic emission hardens the
TeV spectrum to a certain degree compared to the SSC
emission under the KN regime. If LHAASO can give
constraints on the spectral shape of higher-energy VHE
spectrum in the future, it may help determine whether there
are additional emission components, such as the hadronic
emission shown in this work. In addition, cascade emission
also has a subdominant contribution to the hard x-ray
excess [103,104]. If the injection luminosity of relativistic
protons or the number density of cold protons increases for
a short period of time, the correlated flares of hard x-ray
and VHE bands may arise because they both originate from

pp interactions; while correlated flares may not occur in
other bands since they are from the leptonic processes.

E. Mrk 501

After Mrk 421, Mrk 501 was the second extragalactic
source discovered at the VHE band in 1995 [105,106], and
it has been intensively studied in the past. Similar to Mrk
421, a detailed low-state multiwavelength SED obtained
during the 4.5 month campaign is given by Ref. [61]. Our
fitting result is shown in Fig. 6. Similar to the modeling of
Mrk 421, the multiwavelength SED of Mrk 501 is also
interpreted by the leptonic emission from primary elec-
trons, while the hadronic emission from pp interactions has
a subdominant contribution to the highest-energy TeV data
point and has a significant contribution to the higher-energy
band, which exceeds the one-year sensitivity of LHAASO.
It is worth noting that the flux of its observed low-state
VHE spectrum also far exceeds the one-year sensitivity of
WCDA of LHAASO. Therefore, similar to the VHE
emission of Mrk 421, LHAASO should be able to detect
higher-energy TeV emission and give constraints on the
spectral shape in the future.

F. 1ES 2344+ 514

1ES 2344þ 514 was the third extragalactic source
discovered at the VHE band after Mrk 421 and Mrk 501
[107]. The day-scale flares in the VHE band are usually
detected [107,108]. The first low-state simultaneous radio
to VHE observations of 1ES 2344þ 514 was presented by
Ref. [63]. In Fig. 7, we reproduce its SED with the one-
zone pp model. In our modeling, the multiwavelength
emission is dominated by the leptonic emission from
primary electrons. The emission from pp interactions
has a significant contribution to the highest-energy data
point, which improves the fitting of the VHE spectrum and
exceeds the one-year sensitivity of WCDA of LHAASO.
Due to the strong EBL absorption, the higher-energy TeV

FIG. 5. The low-state multiwavelength SED of Mrk 421 taken
from Ref. [59]. The line styles have the same meaning as
in Fig. 2.

FIG. 6. The low-state multiwavelength SED of Mrk 501 taken
from Ref. [61]. The line styles have the same meaning as
in Fig. 2.
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spectrum from π0 decay is truncated so that it cannot be
detected by KM2A.

G. RGB J0152 + 017

The VHE emission of RGB J0152þ 017was discovered
by the H.E.S.S. Collaboration at the end of 2007 [65].
Reference [65] provides the only simultaneous multiwa-
velength SED that can be found in literature, and multi-
wavelength light curves do not show any significant
variability. Our fitting result is given in Fig. 8. The SED
is well fitted by leptonic emission from primary electrons,
and emission from π0 decay has a subdominant contribu-
tion at the TeV band, improving the fitting of the TeV
spectrum to a certain extent. Because of the significant EBL
absorption, the flux of model predicted TeV emission
decreases rapidly, nevertheless still slightly exceeding
the one-year sensitivity of WCDA of LHAASO.

H. 1ES 1741 + 196

1ES 1741þ 196 was discovered as a VHE emitter by
MAGIC. The observation results of MAGIC and other
wavebands are provided in Ref. [66]. No significant
variabilities are found in the multiwavelength light curves.
In Fig. 9, we reproduce its SED with the one-zone pp
model. Similar to the fitting result of RGB J0152þ 017,
the multiwavelength emission is dominated by the leptonic
processes, and hadronic emission only has a contribution to
the highest-energy TeV data point, but does not exceed the
one-year sensitivity of LHAASO because of the severe
EBL absorption.

I. 1ES 0229 + 200

1ES 0229þ 200 is the prototype of extreme HSP blazars
(νS;peak ≳ 1017 Hz [109,110]). The most remarkable feature
of 1ES 0229þ 200 is the hard TeV spectrum, which poses
a challenge to the conventional one-zone model [111–113].
Analytical calculations suggest that pp interactions may
have the potential to explain the hard TeV spectrum of 1ES

FIG. 7. The low-state multiwavelength SED of 1ES 2344þ
514 taken from Ref. [63]. The line styles have the same meaning
as in Fig. 2.

FIG. 8. The low-state multiwavelength SED of RGB J0152þ
017 taken from Ref. [65]. The line styles have the same meaning
as in Fig. 2.

FIG. 9. The low-state multiwavelength SED of 1ES 1741þ
196 taken from Ref. [66]. The line styles have the same meaning
as in Fig. 2.

FIG. 10. The low-state multiwavelength SED of 1ES 0229þ
200 taken from Ref. [68]. The line styles have the same meaning
as in Fig. 2.
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0229þ 200 [32]. In this work, we include 1ES 0229þ 200
in our sample and use a numerical model to reproduce its
multiwavelength SED, especially the hard TeV spectrum
[68]. The fitting result is given in Fig. 10. It can be seen that
the hard TeV spectrum is well explained by the γ ray
generated from π0 decay, although a very compact emitting
region is introduced, just as indicated by Ref. [32]. At
present, no evidence of fast variability in the VHE band of
1ES 0229þ 200 is found, therefore the injection of
relativistic protons in such a compact blob have to be
continuous. Due to the significant EBL absorption, the TeV
emission generated in π0 decay does not exceed the one-
year sensitivity of LHAASO. On the other hand, since the
currently detected TeV data points are close to the
LHAASO sensitivity, LHAASO may be able to detect
its high-state TeV emission in the future.

J. TXS 0210+ 515, 1ES 2037 + 521, RGB J2042 + 244

Recently, Ref. [64] reported a new sample of hard TeV
blazars and collected their simultaneous multiwavelength
SEDs. Among them, three sources, i.e., TXS 0210þ 515,
1ES 2037þ 521, and RGB J2042þ 244, with relative low
TeV luminosities are selected in our sample. Our fitting
results are shown in Fig. 11. In the modeling, the major
contributors to multiwavelength emission are leptonic
processes. Compared to the fitting results of the conical
jet model, spine-layer model, and proton synchrotron
model given in Ref. [64], the γ-ray spectra generated in
the π0 decay improve the fitting of the hard TeV spectra of
TXS 0210þ 515 and RGB J2042þ 244. For TXS 0210þ
515 and 1ES 2037þ 521, their γ-ray emissions from π0

decay also exceed the one-year sensitivity of WCDA of
LHAASO.
In the above, the low-state quasisimultaneous SEDs of a

sample of low TeV luminosity jet-dominated AGN are
reproduced by the one-zone pp model. Constrained by
Eq. (12), relatively small values of R are required in our
fitting since the γ ray generated in the π0 decay is expected to
contribute to the TeV spectra. Based on estimated SMBH
massMBH and EBL corrected TeV luminosityLobs

TeV, most of
the values of R are limited to the order of 1015 cm. Among
them, R values of M 87 and IC 310 are larger than 1016 cm
since they have the lowest VHE luminosities in our sample.
In addition to the low-state emission, fast variabilities
(including minute and day scale) are also discovered in
the TeV band of some AGN. Such kind of fast variabilities
might arise from a relativistic plasmoid generated in the
magnetic reconnection that occurred randomly in the jet
[114], which may suggest a different origin from the low-
state emission, so we do not apply the fast variability
timescale to constrain the blob radius in our fitting. In fact,
it can be seen from Eq. (10) that thepp interactions could be
more efficient if a more compact blob is introduced to
explain the fast variability. In order to enablepp interactions

to make an important contribution to the VHE bands, ξ is set
to 1 for most sources, which means that the introduced jet
power is basically equivalent to the Eddington luminosity.
Only ξ ofM87 ismuch less than 1,which suggests thatM87
has a large parameter space that can make pp interactions
important. On the other hand, the flux of currently detected
VHE data points of Mrk 421 and Mrk 501 is much higher
than the one-year sensitivity of WCDA of LHAASO, so no
matter which process their VHE emission originates from,
LHAASO will detect their higher-energy TeV emission in
the future, unless the TeV spectrum is truncated at the

FIG. 11. The low-state multiwavelength SEDs of TXS
0210þ 515, 1ES 2037þ 521, and RGB J2042þ 244 taken
from Ref. [64]. The line styles have the same meaning as
in Fig. 2.
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highest energy detected so far. Moreover, our fitting results
suggest that the pp interactions can also generate the
LHAASO detected TeV emission for IC 310, 3C 264,
1ES 2344þ 514, RGB J0152þ 017, TXS 0210þ 515,
and 1ES 2037þ 521, while other sources, due to the
limitation of the currently detected VHE spectra and EBL
absorption, cannot be detected by LHAASO. Except for
Mrk 421, Mrk 501, RGB J0152þ 017, and 1ES
1741þ 196, the emission below 100 GeV and the TeV
radiation are decoupled from leptonic and hadronic proc-
esses, which propose a possible explanation for detecting
different variability patterns between theTeVband and other
bands [52,55,57,68,98,101,102,115]. Overall, our results
suggest that the γ-ray emissions of M 87, Mrk 421, andMrk
501 are most likely to be detected by LHAASO.

IV. DISCUSSION AND CONCLUSION

In the northern sky, four RGs are discovered as VHE
emitters, three of which are studied in this work. Here we
will give a brief discussion on the last RG, NGC 1275. At a
distance of ∼74 Mpc, NGC 1275, also known as 3C 84,
4Cþ 41.07, and Perseus A, is the central dominant galaxy
in the Perseus cluster. The very long baseline interfero-
metry measurement infers a range of parsec-scale jet angles
to the line of sight of 30°–55° [116,117]. The MAGIC
Collaboration reports its first VHE spectrum with a very
steep spectrum extending up to 650 GeV [115]. In 2016 and
2017, a VHE flare with a flux doubling timescale of 10 h
was been detected by the MAGIC telescope [118].
Reference [119] provides two simultaneous SEDs for
two campaigns that MAGIC performed between October
2009 and February 2010, and August 2010 and February
2011. The detected VHE spectra are basically in low states,
although the VHE light curve shows a hint of variability
during the first campaign. From the provided SEDs, we can
obtain that the integrated VHE luminosity is about
5 × 1042 erg s−1. If considering that its SMBH mass is
4 × 108 M⊙ [120], the maximum blob radius RNGC ≈ 1 ×
1016 cm can be obtained by Eq. (12) when applying the
one-zone ppmodel. Let us check the internal γγ opacity for
the detected highest-energy TeV photons. Using the δ
approximation, the energy of soft photons Eobs;soft interact-
ing with highest-energy TeV photons Eobs;TeV can be
estimated by [121]

Eobs;soft ¼
2mec2δ2D
Eobs;TeV

≈ 3.5 eV; ð13Þ

where Eobs;TeV ¼ 600 GeV and δD ¼ 2 are taken as sug-
gested in Ref. [119]. Then the internal γγ opacity for the
highest-energy TeV photons can be estimated by

τγγ ¼
σγγD2

LνFν

RNGCcδ3DEobs;soft
≈ 10; ð14Þ

where νFν ¼ 3 × 10−11 erg s−1 cm−2 is the flux of the soft
photons and σγγ ≈ 1.68 × 10−25 cm2 is the peak of the γγ
pair-production cross section. It can be seen that the pp
model required relative small blob is opaque to the observed
VHE photons. In order to make the blob optically thin to
VHE photons, a larger blob radius should be introduced;
then pp interactions would not be important for NGC 1275.
In this work, we show that emission from pp interactions

can contribute to the VHE emissions of AGN. Here we
discuss some other possibilities. For the emission around
1 TeV, the one-zone leptonic model is likely to give a
reasonable explanation [122,123], except for the hard TeV
spectrum, since the KN effect will soften the spectrum
naturally, unless introducing an extremely high Doppler
factor [68,111,124]. The proton synchrotron emission can
explain the TeV emission as well if assuming a strong
magnetic field (10–100 G) [13]. The one-zone pγ model
faces difficulties in explaining ∼1 TeV radiation. If con-
sidering the condition where the cross section of photopion
interaction peaks due to the △þð1232Þ resonance is [125]

EpEsoft ≃ 0.3 GeV2; ð15Þ

where Ep and Esoft are the proton and soft photon energies
in the comoving frame, respectively, the required soft
photon energy is about 1 MeV in the observers’ frame.
While the number density of MeV photons in jet-domi-
nated AGN is usually quite low, an extremely large jet
power has to be introduced [24,25]. Some studies reduce
the jet power by assuming a very large minimum proton
Lorentz factor [126,127] or by assuming the existence of an
extremely dense MeV photon field that has not yet been
discovered (current MeV detectors are relatively insensi-
tive) [128–132]. If protons with energy >1019 eV can be
accelerated and escape the blazar jet, the cascade emission
generated in intergalactic space through pγ interactions by
interacting with EBL and CMB may also contribute to TeV
emission without significant variability [133–136]. For the
emission around 10 TeV, due to the KN effect, it is difficult
for the one-zone leptonic model to interpret it in a
reasonable parameter space. If the one-zone pγ model is
applied, the same problem when applying it to explain
∼1 TeV emission arises again. An extremely large jet
power needs to be introduced, because the target photons
are in the hard x-ray band with a very low number density.
If the emission around 10 TeV will be detected in the near
future, the emitting region producing the 10 TeV emission
is likely to be decoupled from the blob generating the
typical SED [137,138].
To summarize, we propose a one-zone pp model to

revisit the quasisimultaneous multiwavelength SEDs of a
sample of low TeV luminosity AGN in this work. Contrary
to conventional views, our numerical modeling results
suggest that pp interactions in the jet are important under
certain conditions and generate VHE γ rays. In the
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modeling, the emission with energy below ∼1 TeV is
explained by conventional synchrotron and SSC emissions
from primary relativistic electrons. From our results, we
suggest that M 87, Mrk 421, and Mrk 501 are the most
likely AGN to be detected by LHAASO. For M 87, due to
its extremely low TeV luminosity, there is a large parameter
space for pp interactions to generate detectable VHE γ
rays. For Mrk 421 and Mrk 501, their IC emissions extend
to a higher-energy band that could be detected by
LHAASO naturally. It can be seen that the observed
VHE spectra of Mrk 421 and Mrk 501 do not show
truncated features and the flux of VHE data points is
much higher than the one-year LHAASO sensitivity; so no
matter which process their VHE emission originates from,
LHAASO will detect their higher-energy TeV emission in
the future.
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APPENDIX: THE INTERNAL γγ OPACITY

In this work, our main purpose is to show that pp
interactions can generate detectable VHE emission. As
indicated by Eq. (12), a relative compact blob is required in
the one-zone ppmodel; therefore one may be curious if the
VHE photons would be absorbed due to the internal γγ
annihilation. Here we calculate the internal γγ opacity τγγ
for each object in our sample. For uniform isotropic photon
fields [139], τγγ can be calculated by

τγγðϵ1Þ ¼
Rπr2e
ϵ21

Z
∞

1=ϵ1

dϵ nsoftðϵÞϕ̄ðs0Þϵ−2; ðA1Þ

where ϵ and ϵ1 are the dimensionless energies of low- and
high-energy photons, nsoft is the number density of soft
photons, s0 ¼ ϵϵ1,

ϕ̄ðs0Þ ¼
1þ β20
1 − β20

ln w0 − β20 ln w0 −
4β0

1 − β20

þ 2β0 þ 4 ln w0 lnð1þ w0Þ − 4Lðw0Þ; ðA2Þ

β20 ¼ 1 − 1=s0, w0 ¼ ð1þ β0Þ=ð1 − β0Þ, and

Lðw0Þ ¼
Z

w0

1

dww−1 lnð1þ wÞ: ðA3Þ

As mentioned before, since the AGN in our sample are FR I
RGs and BL Lac-HSPs, photons from external fields are
neglected in our modeling. Therefore, curves of τγγ of AGN
shown in Figs. 12 and 13 are contributed by the synchrotron

photons from primary electrons. It can be seen that VHE
photons can escape, since the internal γγ opacity is smaller
than unity.
On the other hand, the broad-line region (BLR) lumi-

nosities LBLR ≈ 2.3 × 1041 erg s−1 of Mrk 421 and Mrk
501 are given in Refs. [60,140,141], which may suggest the
existence of weak external photon fields. Here, we estimate
the energy densities of two typical external photon fields,
which are BLR and the dusty torus (DT), as a function of
the distance along the jet r, in the comoving frame by [142]

uBLR ¼ Γ2LBLR

4πr2BLRc½1þ ðr=rBLRÞ3�
ðA4Þ

and

uDT ¼ Γ2LDT

4πr2DTc½1þ ðr=rDTÞ4�
; ðA5Þ

where the value of LDT is assumed to be the same
as LBLR, and rBLR ¼ 0.1ðLBLR=1045 erg s−1Þ1=2 and rDT ¼
2.5ðLDT=1045 erg s−1Þ1=2 pc are the characteristic radii of
the BLR in the AGN frame. The radiation from both the
BLR and DT radiation is taken as an isotropic graybody
with a peak at 2 × 1015Γ [143] and 3 × 1013Γ Hz [144] in
the jet comoving frame, respectively. From the above
equations, it can be found that the energy densities of
external photon fields highly depend on the blob’s position
in the jet. Under the assumption that the jet has a conical
structure and the blob occupies the entire cross section of
the jet, we further check if photons from BLR and DT
would absorb VHE photons in the blob. By adopting the jet
half opening angles α of Mrk 421 and Mrk 501 are both
2.5° [145], we speculate that the blobs of Mrk 421 and Mrk
501 are at the distances r ¼ R= tan α of 4 × 10−2 and
6 × 10−3 pc, respectively, which are outside the BLR and
within the DT. In the left panels of Fig. 14, we show the τγγ
including the photons from primary electrons, BLR, and
DT. It can be seen that τγγ is lower than unity, which
suggests that VHE photons would not be absorbed. Please
note that the τγγ contributed by DT is only slightly lower
than unity. This tension can be alleviated by introducing
LDT < LBLR or assuming the blob does not occupy the
entire cross section of the jet so that it can be placed at a
larger distance. In the right panels of Fig. 14, we show τγγ at
four energies as a function of the blob distance r. It can be
seen that, with the decrease of r, i.e., the blob’s position is
gradually closer to the SMBH, the energy density of the
BLR will increase significantly, thereby increasing the τγγ
at the 0.1–1 TeVenergy range. This result suggests that the
blobs should not be too close to the SMBH, otherwise even
a weak external photon field may still absorb VHE photons.
Please note that the further consideration of BLR and DT
may make EC cooling non-negligible, but similar fitting
results can still be obtained by fine-tuning free parameters.
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FIG. 12. The internal γγ opacity τγγ as a function of the photon frequency in the observers’ frame for M 87, IC 310, 3C 264, 1ES
2344þ 514, RGB J0152þ 017, respectively.
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FIG. 13. The internal γγ opacity τγγ as a function of the photon frequency in the observers’ frame for 1ES 1741þ 196, 1ES
0229þ 200, TXS 0210þ 515, 1ES 2037þ 521, RGB J2042þ 244, respectively.
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