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ABSTRACT

Context. The intrinsic TeV emission of some BL Lacs is characterized by a hard spectrum (the hard-TeV spectrum) after correcting
for the extragalactic background light. The hard-TeV spectra pose a challenge to conventional one-zone models, including the leptonic
model, the photohadronic model, the proton synchrotron model, and others.
Aims. In this work, we aim to investigate whether or not the one-zone hadronuclear (pp) model can be used to interpret the hard-TeV
spectra of BL Lacs without introducing extreme parameters.
Methods. We provide analytical calculations that can be used to study whether or not there is a parameter space, and whether or not
the charge neutrality condition of the jet can be satisfied when interpreting the hard-TeV spectra of BL Lacs without introducing a
super-Eddington jet power.
Results. We find that in a sample of hard-TeV BL Lacs previously collected, only the hard-TeV spectrum of 1ES 0229+200 can be
explained by γ-rays from π0 decay produced in the pp interactions, but at the cost of setting a small radius of the radiation region than
the Schwarzschild radius of the central black hole. Combining our findings with those of previous studies of other one-zone models,
we suggest that the hard-TeV spectra of BL Lacs cannot be explained by a one-zone model without introducing extreme parameters,
and should originate from the multiple radiation regions.

Key words. galaxies: active – galaxies: jets – radiation mechanisms: non-thermal

1. Introduction

Blazars are a class of active galactic nuclei (AGNs) with their
relativistic jets pointing to the observer (Urry & Padovani 1995).
Multi-wavelength observations, when combined, show that the
spectral energy distributions (SEDs) of blazars usually exhibit
two characteristic bumps. It is generally accepted that the low-
energy bump originates from the synchrotron radiation of pri-
mary relativistic electrons in the jet, while the origin of the
high-energy bump is still debated. In leptonic models, the high-
energy bump is explained by inverse Compton (IC) radiation
from relativistic electrons that up-scatter soft photons emitted
by the same population of electrons (synchrotron-self Comp-
ton, SSC; Marscher & Gear 1985), or soft photons from exter-
nal photon fields (external Compton, EC) such as the accretion
disk (Dermer & Schlickeiser 1993), the broad-line region (BLR,
Sikora et al. 1994), or the dusty torus (DT, Błażejowski et al.
2000). In hadronic models, the high-energy bump is supposed
to be originated from proton synchrotron radiation (Aharonian
2000), emission from secondary particles generated in photo-
hadronic processes (pγ), including photopion and Bethe-Heitler
pair production processes (Sahu et al. 2019) and the internal γγ
pair production, or cascade emission generated in the intergalac-
tic space through pγ interactions by ultra-high energy cosmic

rays (UHECRs) with energies up to 1019−20 eV beamed by the
blazar jet (e.g., Essey et al. 2011).

The extragalactic TeV background is dominated by emis-
sion from blazars (Ackermann et al. 2016), most of which are
BL Lacertae objects1 (BL Lacs; Urry & Padovani 1995). After
correcting for the extragalactic background light (EBL) absorp-
tion, the obtained intrinsic TeV emission of some BL Lacs often
shows a hard spectrum, that is, the photon index ΓTeV < 2
(hereafter the hard-TeV spectrum). However, some intrinsic TeV
spectra are too hard to be interpreted by conventional radia-
tion models. In the modeling of the radiation from blazars, it
is usually assumed that all the non-thermal emission of the
jet comes from a compact spherical region named the blob.
Such a model is also known as the one-zone model, where
the one-zone leptonic model is the most commonly used (e.g.,
Ghisellini et al. 2014; Tan et al. 2020; Deng et al. 2021). How-
ever, as the Klein-Nishina (KN) effect softens the IC emission
in the TeV band naturally, the one-zone leptonic model cannot
reproduce the hard-TeV spectrum unless setting an extremely
high Doppler factor (e.g., Aleksić et al. 2012) –which is in
conflict with radio observations (Hovatta et al. 2009)– and/or

1 http://tevcat.uchicago.edu/
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introducing a very high value of the minimum electron Lorentz
factor (e.g., Katarzyński et al. 2006). In the modeling of blazars,
the one-zone pγ model is also widely applied. To explain
the hard-TeV spectrum, an extremely high proton power is
required because the pγ interaction is very inefficient. Based
on the fact that the interaction efficiency of the photopion
process in the high-energy limit is about 1000 times smaller
than the bump of γγ opacity, Xue et al. (2019a) prove that the
required minimum jet powers of a sample of hard-TeV BL
Lacs exceed the corresponding Eddington luminosities of the
supermassive black holes (SMBHs). For the emitting region
with a strong magnetic field (10–100 G), the one-zone pro-
ton synchrotron model is also widely applied to explain the
high-energy bump (Böttcher et al. 2013). However, the super-
Eddington jet power is also needed (Zdziarski & Bottcher 2015),
except in a few cases such as the fast variabilities (tν ≤ 103s;
Petropoulou & Dermer 2016) and very hard injection functions
(α ≤ 1.5; Cerruti et al. 2015). In addition, some studies sug-
gest that the magnetic field in the inner jet of blazars is typi-
cally lower than 10 G (O’Sullivan & Gabuzda 2009; Meyer et al.
2014). If the hard-TeV spectrum is still explained by the proton
synchrotron emission in a magnetic field .10 G, the maximum
proton energy larger than that obtained from the Hillas condi-
tion (EHillas; Hillas 1984) has to be assumed. The cascade emis-
sion from the UHECR can explain the hard-TeV spectrum as
well, but may also need extremely high maximum proton ener-
gies higher than EHillas (Takami et al. 2016, cf., Das et al. 2020).
Also, the hard-TeV spectra of some BL Lacs show variabilities
(e.g., Acciari et al. 2010), which disfavor the cascade emission
from UHECRs (e.g., Prosekin et al. 2012). Overall, the hard-
TeV spectra pose a challenge to conventional one-zone models.

Of the various one-zone models introduced above, the one-
zone hadronuclear (pp) model has not been studied compre-
hensively. In studies investigating the radiation mechanisms of
the jets of blazars, the pp interaction is normally neglected,
because the particle density in the jet is considered insuffient
(Atoyan & Dermer 2003). Several associations between high-
energy neutrinos and blazars have recently been discovered
(e.g., IceCube Collaboration 2018). However, these events are
difficult to explain using the conventional one-zone pγ model
(e.g., Xue et al. 2019b, 2021), and therefore several innovative
pp models are proposed (e.g., Sahakyan 2018; Banik & Bhadra
2019; Liu et al. 2019; Wang & Xue 2022). Also, Xue et al.
(2019a) suggest that the one-zone pp model may provide a pos-
sible solution to reproducing the hard TeV spectrum with a sub-
Eddington jet power, as the efficiency of pp interactions is not
related to the opacity of γγ absorption. Therefore, further com-
prehensive consideration of the pp interaction in the one-zone
model is necessary in order to understand the origin of the hard-
TeV spectra of BL Lacs.

In this paper, we analytically study whether the hard-TeV
spectra of BL Lacs can be explained without violating basic
observations and theories in one-zone pp models. In Sect. 2, we
present analytical methods to find the parameter space, and then
study if the charge neutrality condition can be satisfied in the
framework of one-zone pp models. We present the discussion
and the conclusion in Sect. 3. Throughout the paper, the ΛCDM
cosmological parameters H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and
ΩΛ = 0.7 are adopted.

2. Analytical calculations

For blazar jets, the pp process is usually considered in interac-
tions between the jet and its surrounding materials, such as dense

clouds in the BLR, and red giant stars captured from the host
galaxy (e.g., Bosch-Ramon et al. 2012). However, it is unclear
whether or not the jet inside has sufficient cold protons. Here,
we propose analytical methods to study whether or not the hard-
TeV spectra of BL Lacs can be explained by the one-zone pp
model, which, considering the pp interactions, occur in the jet
without introducing extreme parameters. We also study whether
or not the charge neutrality condition of the jet can be satisfied,
although this commonly assumed condition (Ghisellini et al.
2014) remains a matter of debate (Chen & Zhang 2021).

It should be noted that the jet composition is currently uncer-
tain. In addition to electrons and protons, there may be a certain
number of other charged particles in the jet, such as positrons
(e.g., Madejski et al. 2016). In a jet that satisfies the charge neu-
trality condition, the contribution from pp interactions becomes
weaker if there is a large number of positrons, thus making the
model parameters more extreme. In this work, our main purpose
is to study the maximum parameter space under the one-zone pp
model, and therefore we boldly assume that the charged particles
in the jet consist only of electrons and protons, both relativistic
and non-relativistic.

The following analytical calculation of searching the param-
eter space is under the framework of the conventional one-zone
model. We assume that all of the nonthermal radiation of the
observed jet comes from a single spherical region (hereafter
referred to as the blob) composed of a plasma of charged par-
ticles in a uniformly entangled magnetic field B with radius R
and moving with the bulk Lorentz factor Γ = 1√

1−β2
, where βc is

the speed of the blob, at a viewing angle with respect to the line
of sight of the observer. For the relativistic jet close to the line
of sight in blazars with a viewing angle of θ . 1/Γ, we have the
Doppler factor δ ≈ Γ. In this section, the parameters with super-
script “obs” are measured in the frame of the observer, those with
superscript “AGN” are measured in the AGN frame, whereas the
parameters without the superscript are measured in the comov-
ing frame, unless specified otherwise.

2.1. Methods

For the hard-TeV spectrum, as the SSC emission cannot explain
it because of the KN effect, we suppose that it can be interpreted
by the γ-ray from π0 decay produced in the pp interactions. The
proton injection luminosity can be calculated as

Lp,inj =
4
3
πR3〈γp〉mpc2ṅinj

p , (1)

where mp is the rest mass of a proton, c is the speed of light, and

〈γp〉 =

∫
γpṅinj

p (γp)dγp

ṅinj
p

=
(1 − αp)
(2 − αp)

γ
2−αp
p,max − γ

2−αp

p,min

γ
1−αp
p,max − γ

1−αp

p,min

 (2)

represents the average proton Lorentz factor, where ṅinj
p (γp) =

ṅ0,pγ
−αp
p , γp,min < γp < γp,max is the injection rate of proton

energy distribution, ṅ0,p is the normalization in units of cm−3 s−1,
αp is the proton spectral index, γp is the proton Lorentz factor,
γp,min is the minimum proton Lorentz factor, and γp,max is the
maximum proton Lorentz factor, and ṅinj

p =
∫

ṅinj
p (γp)dγp is the

energy-integrated number density of injected relativistic protons.
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This pp explanation has two main constraints. The first is that the
generated γ-ray luminosity from π0 decay exceeds the observed
TeV luminosity, as the intrinsic hard-TeV spectrum may not be
truncated at the maximum energy currently observed, but will
extend to higher energy, i.e.,

Lobs
TeV 6 Lp,inj fπ0δ

4, (3)

where

fπ0 ≈
1
3

KppσppnHR (4)

is the pp interaction efficiency, the factor 1/3 is the branching
ratio into π0, σpp ≈ 6 × 10−26 cm2 is the cross section for the pp
interactions, nH is the number density of cold protons in the jet,
and Kpp ≈ 0.5 is the inelasticity coefficient (Kelner et al. 2006).
The other constraint is that the total jet power that is dominated
by the power of relativistic and nonrelativistic protons cannot
exceed the Eddington luminosity of the SMBH, otherwise the
growth of the SMBH would be too quick (Antognini et al. 2012).
Therefore, we have

LAGN
H + LAGN

p,inj ≤ LEdd, (5)

where LAGN
p,inj = Lp,injδ

2 is the power of the injected relativistic
protons in the AGN frame,

LEdd = 2πmpc3RS/σT (6)

is the Eddington luminosity of the SMBH, σT is the Thomson
scattering cross-section, RS = 2GMBH/c2 is the Schwarzschild
radius of the SMBH, MBH is the SMBH mass,

LAGN
H = πR2cδ2mpc2nH, (7)

is the kinetic power in cold protons. In order to find the max-
imum parameter space, we assume that the π0 decay generates
the required minimum γ-ray luminosity, i.e., Lobs

TeV. Substituting
Lobs

TeV = Lp,inj fπ0δ
4, Eqs. (4), (6), and (7) into Eq. (5), we then

have

3σT

σpp

Lobs
TeV

LEdd

 LAGN
p,inj

LEdd

−1 (
R
RS

)
+

LAGN
p,inj

LEdd
6 1. (8)

If LAGN
p,inj is taken as an independent variable, Eq. (8) becomes a

quadratic formula. Here, the quadratic formula can take the min-
imum value when LAGN

p,inj is LEdd/2. Substituting LAGN
p,inj = LEdd/2

into Eq. (8), the maximum parameter space of R can then be
obtained through

R
RS
≤

σpp

12σT

LEdd

Lobs
TeV

, (9)

when the SMBH mass and TeV luminosity are measured.
In the above analytical calculations, by fixing the γ-ray lumi-

nosity from π0 decay to the required minimum value, and keep-
ing the total jet power at or below the Eddington luminosity of
the SMBH, the parameter space of R is well constrained. Sim-
ilarly, the maximum parameter space of R can also be obtained
by fixing the total jet power to the Eddington luminosity of the
SMBH, which is the maximum value that can be set, and making
the γ-ray luminosity from π0 decay larger than the observed TeV
luminosity. Here, the power of the injected relativistic protons is
considered as a fraction χp of the total jet power, which is

LAGN
p,inj = χpLEdd. (10)

As the power of the relativistic and nonrelativistic electrons is
normally negligible compared to that of relativistic and nonrel-
ativistic protons, according to Eq. (7) and Eq. (10), nH can be
estimated as

nH =
(1 − χp)LEdd

πR2δ2mpc3 . (11)

The γ-ray luminosity from π0 decay produced in the pp interac-
tions can be given by

LAGN
γ,π0
≈ LAGN

p,inj fπ0 . (12)

Combining with Eqs. (4), (10)–(12), if the hard-TeV spectrum
can be interpreted by the γ-ray from π0 decay produced in the
pp interactions, we can get

Lobs
TeV 6 Lobs

γ,π0
=
σppχp(1 − χp)L2

Edd

6πmpc3R
. (13)

In order to get the maximum parameter space, it is necessary to
set χp = 0.5, which is consistent with the result obtained below
Eq. (8). If further substituting Eq. (6) into Eqs. (13), (9) can also
be derived.

Xue et al. (2019a) collected a sample of hard-TeV BL Lacs
with measured TeV luminosities and SMBH masses. Their cor-
responding maximum R obtained by Eq. (9) are shown in
Table 1. It can be seen that the derived maximum R is rel-
atively small, and is comparable to or even smaller than the
Schwarzschild radius of the SMBH RS. However, in such a com-
pact blob, TeV photons are likely to be absorbed due to the inter-
nal γγ absorption. As the spectral shape of soft photons is fixed
by observational data points, that is, the low-energy component,
the internal γγ absorption optical depth is only related to R and
δ, i.e., τγγ ∝ R−1δ−4. Xue et al. (2019a) give the value of R and
δ when τγγ of the maximum energy of the hard-TeV spectrum
is equal to unity. Therefore, in order to prevent the hard-TeV
spectrum being absorbed, a larger δ must be introduced, because
the maximum R shown in Table 1 is already much smaller than
that given by Xue et al. (2019a). If the maximum δ that can be
set is 30, as indicated by observations (Hovatta et al. 2009), only
1ES 0229+200 has the parameter space needed to interpret the
hard-TeV spectrum with the one-zone pp model.

2.2. Charge neutrality condition of the jet

Recently, Banik & Bhadra (2019) suggested that when consid-
ering the charge neutrality condition of the blazar jet, there is
sufficient cold protons, making the pp interaction efficient and
explaining the observed TeV γ-ray and neutrino emission from
the blazar TXS 0506+056. However, if the kinetic power of cold
protons is taken into account, a super-Eddington jet power is still
needed, because the blob radius introduced in their modeling is
about a hundred times larger than that obtained by our analyt-
ical methods. In the following, we investigate whether or not
the charge neutrality condition of the jet can be satisfied when
interpreting the hard-TeV spectra without introducing a super-
Eddington jet power.

Due to the lack of strong emission from external photon
fields in TeV BL Lacs, it is generally accepted that the emis-
sion below ∼100 GeV originates from the synchrotron and SSC
emission from primary relativistic electrons. The electron injec-
tion luminosity can be calculated as

Le,inj =
4
3
πR3〈γe〉mec2ṅinj

e , (14)
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Table 1. Sample of hard-TeV BL Lacs collected by Xue et al. (2019a).

Object Lobs
TeV LogMBH Rs R

(erg s−1) (M�) (cm) (cm)

1ES 0229+200 1.00 × 1045 9.16 ± 0.11 (Meyer et al. 2012) 4.29 × 1014 7.00 × 1014

1ES 0347−121 1.63 × 1045 8.02 ± 0.11 (Meyer et al. 2012) 3.10 × 1013 2.25 × 1012

1ES 0414+009 1.54 × 1045 9 2.96 × 1014 2.17 × 1014

1ES 1101−232 1.02 × 1045 9 2.96 × 1014 3.30 × 1014

1ES 1215+303 2.11 × 1045 8.4 (Gupta et al. 2012) 7.45 × 1013 1.00 × 1013

1ES 1218+304 5.45 × 1045 8.04 ± 0.24 (Meyer et al. 2012) 3.25 × 1013 7.40 × 1011

S5 0716+714 3.33 × 1046 8 (Zdziarski & Bottcher 2015) 2.96 × 1013 1.01 × 1011

W Comae 6.00 × 1044 8.7 (Zdziarski & Bottcher 2015) 1.49 × 1014 1.41 × 1014

TXS 0506+056 1.74 × 1045 9 2.96 × 1014 1.92 × 1014

Notes. Columns from left to right: the source name; the observed luminosity of the TeV spectrum; logarithm of the SMBH mass in units of the
solar mass, M�; the Schwarzschild radius of the SMBH; the maximum R obtained by Eq. (9).

where me is the rest mass of an electron, and

〈γe〉 =

∫
γeṅinj

e (γe)dγe

ṅinj
e

=
(1 − αe)
(2 − αe)

γ2−αe
e,max − γ

2−αe
e,min

γ1−αe
e,max − γ

1−αe
e,min

 (15)

is the average electron Lorentz factor, where ṅinj
e (γe) =

ṅ0,eγ
−αe
e , γe,min < γe < γe,max is the injection rate of electron

energy distribution (EED), ṅ0,e is the normalization in units of
cm−3 s−1, αe is the electron spectral index, γe is the electron
Lorentz factor, γe,min is the minimum electron Lorentz factor,
and γe,max is the maximum electron Lorentz factor, and ṅinj

e =∫
ṅinj

e (γe)dγe is the energy-integrated number density of injected
relativistic electrons. Taking into account cold electrons that are
not accelerated or cooled, the total number density of electrons
in the jet ne,tot can be approximated as

ne,tot = χene, (16)

where χe represents the ratio of ne,tot to ne and

ne ≈ tdynṅinj
e (17)

is the number density of relativistic electrons, where tdyn = R/c
is the dynamical timescale of the blob2.

As the cooling of relativistic protons in the jet is inefficient,
the number density of relativistic protons can be approximated
as

np ≈ tdynṅinj
p . (18)

Under the charge neutrality condition, combining Eqs. (16)
and (18), we get the number density of cold protons in the jet
through

nH = ne,tot − np. (19)

2 This relation comes from the fact that the radiative cooling of most
electrons is in the slow cooling regime for BL Lacs. Although the cool-
ing of high-energy electrons might be in the fast cooling regime, the
result would not be significantly different because the number density
of relativistic electrons ne,rel is dominated by the low-energy electrons
that dissipated in the slow cooling regime.

Substituting Eqs. (1) and (14) into Eq. (19), we have

nH = tdyn

(
3χeLe,inj

4πR3〈γe〉mec2 −
3Lp,inj

4πR3〈γp〉mpc2

)
. (20)

Further substituting Eq. (20) into Eqs. (3) and 5, we obtain

〈γe〉

Le,inj

me

mp

4 σT

σpp

R
RS

Lobs
TeV

χpδ2 +
Lp,inj

〈γp〉

 ≤ χe

≤ 〈γe〉
Lp,inj

Le,inj

me

mp

[
4(1 − χp)

3χp
+

1
〈γp〉

]
. (21)

With the above inequalities, the range of χe satisfying the charge
neutrality condition can be obtained. It is difficult to find a con-
cise expression of the above inequalities because the number
density of relativistic electrons is greatly affected by the shape
and energy range of EED, and γe,min and γe,max are poorly con-
strained in one-zone models. In any case, the above inequalities
suggest that, even though R is small, χe still has a parameter
space to satisfy the charge neutrality condition. Here, we take
TXS 0506+056 as an example. If we set R as its maximum value
given in Table 1, and values of other parameters as those pro-
vided by Banik & Bhadra (2019)3, the range of χe as a function
of χp obtained by Eq. (21) is shown by the intersection area of
black (upper limit) and red (lower limit) solid curves in Fig. 1.
The vertical line in Fig. 1 marks the position of χp = 0.5. We
find that when χp = 0.5, χe has the largest range of values,
which is consistent with the result obtained in Sect. 2.1. In addi-
tion, the comparison results of adjusting some other parameters
are also shown in Fig. 1. It can be seen that adjusting the elec-
tron injection luminosity (dotted curves) and the Doppler fac-
tor (dashed-dotted curves) will change the parameter space of
χe but the size of the intersection area of the upper and lower
limits remains the same. Also, when setting a larger blob radius
RB&B = 2.2 × 1016 cm, such as that used in Banik & Bhadra
(2019), the lower limit represented by the red dashed curve is
much higher than the upper limit represented by the black solid
curve (as adjusting blob radius does not affect the upper limit,
the black dashed curve is overlapped by the black solid curve),
which suggests that a highly super-Eddington jet power has to
be introduced.

3 i.e., δ = 10, Le,inj = 2.3 × 1042 erg s−1, γe,min = 1, γe,max = 1.5 ×
105, αe = 1.71, γp,min = 1, γp,max = 1.1 × 107, αp = 2.13.
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0.2 0.4 0.6 0.8 1.0
χp

101

102

103

χ e

upper limit
lower limit
RB&B

χp = 0.5
LB&B

e, inj × 0.2
LB&B

e, inj × 0.2
δB&B × 2
δB&B × 2

Fig. 1. Comparison of χe as a function of χp derived by Eq. (21) with
different parameters. For all the line styles, the black and red curves
represent the upper and lower limits, respectively. The solid curves are
obtained when setting R as the maximum value given in Table 1 and val-
ues of other parameters as those provided by Banik & Bhadra (2019).
Based on this, the dotted curves show the upper and lower limits when
setting the electron injection luminosity to LB and B

e,inj × 0.2, the dashed-
dotted curves show the upper and lower limits when setting the Doppler
factor to δB and B × 2, and the dashed curve shows the lower limit when
setting the blob radius to that used in Banik & Bhadra (2019). The ver-
tical line represents χp = 0.5.

3. Discussion and conclusion

In this work, we investigated whether or not one-zone pp models
are able to explain the hard-TeV spectra of BL Lacs. With ana-
lytical calculations, we find that an extremely compact radiation
region has to be assumed if the hard-TeV spectrum is interpreted
as γ rays produced from π0 decay in the pp interaction. How-
ever, if considering the internal γγ opacity at the TeV band to be
less than unity and a Doppler factor of smaller than 30, only the
hard-TeV spectra of 1ES 0229+200 can be explained. However,
the allowable maximum radius of the blob under the constraints
of Eq. (9) is very small, and is comparable to the Schwarzschild
radius of the SMBH. This compact blob might be a relativisti-
cally moving plasmoid generated in the magnetic reconnection
of the jet inside (Aharonian et al. 2017), implying a fast minute-
scale variability, which is observed in the TeV band of radio
galaxies (e.g., Aleksić et al. 2014) and blazars (e.g., Albert et al.
2007). Nevertheless, no evidence of fast variability in the TeV
band of 1ES 0229+200 is found, and therefore the injection of
relativistic protons in such a compact blob must be continuous.
On the other hand, it can be seen from Eq. (9) that for AGNs
with low TeV luminosity, such as radio galaxies, the effective
pp processes can occur in a large-scale region (e.g., lobes) far
from the SMBH, which could be the possible origin of the TeV
spectrum (e.g., Sun et al. 2016).

In addition to conventional radiation models of blazars,
another possible solution invoked is the hypothetical conver-
sion between axion-like particles (ALPs) and propagating γ-ray
photons in an external magnetic field, which has been widely
investigated as an explanation of the TeV emission of blazars
(e.g., Sánchez-Conde et al. 2009). The conversion could enable
propagating TeV-photons to avoid γγ absorption, leading to the
very hard-TeV spectrum observed (e.g., Long et al. 2020, 2021).
If it takes place in the blob of the inner jet with a strong
magnetic field, the effective conversion occurs on the GeV-
photons, and the ALPs converted from the source photons can-
not reconvert into photons in the lower Galactic magnetic field

(Tavecchio et al. 2015). As a result, a substantial fraction of GeV
photons would be lost, and this may also lead to the excessive
Eddington luminosity of the SMBH. Conversely, if this conver-
sion were to occur in the large-scale jet (also the TeV emission
region) with a weaker magnetic field, this problem would be
avoided.

Indeed, the different variability patterns between TeV emis-
sion and other wavelength emission discovered for some hard-
TeV BL Lacs may favor a multi-zone origin of the hard-TeV
spectra. For example, a TeV flare of the hard-TeV BL Lac 1ES
1215+303 was found by MAGIC in 2011, while no variabil-
ity was found in the GeV band at the same time (Aleksić et al.
2012). Also, no fast variability in the TeV band is found for many
hard-TeV BL Lacs, while other wavelength emissions are highly
variable (e.g., 1ES 0229+200; Aliu et al. 2014).

In summary, we investigate whether or not the hard-TeV
spectra of BL Lacs can be explained with the one-zone pp
model, which completes the application of the one-zone model
to studying the hard-TeV spectra of BL Lacs. Unfortunately,
1ES 0229+200 can only be explained if we introduce a very
small blob radius comparable to the Schwarzschild radius of a
SMBH. Therefore, combined with previous studies that applied
other one-zone models, we suggest that no one-zone model can
explain the hard-TeV spectra of BL Lacs in general. Such spec-
tra are likely to originate from multiple emitting regions (e.g.,
Yan et al. 2012). Furthermore, the region generating the emis-
sion below ∼100 GeV and the region producing the hard-TeV
spectrum should be decoupled (Wang et al. 2022). Both leptonic
and hadronic processes could possibly explain the hard-TeV
spectrum of BL Lacs.
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