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The proton synchrotron radiation is considered as the origin of high-energy emission of blazars at times.
However, extreme physical parameters are often required. In this work, we propose an analytical method to
study the parameter space when applying the proton synchrotron radiation to fit the keV, GeV, and very-
high-energy emission of blazar jets. We find that proton synchrotron radiation can fit the high-energy hump
when it peaks beyond tens GeV without violating basic observations and theories. For the high-energy
hump peaked around GeV band, extreme parameters, such as a super-Eddington jet power and a very
strong magnetic field, are required. For the high-energy hump peaked around keV band, if an acceptable
parameter space can be found depends on the object’s keV luminosity.
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I. INTRODUCTION

The past few decades have been a time of tremendous
progress in search for high-energy y-ray extragalactic
sources. Numerous objects have been discovered due to
the development of the latest generation of observational
equipment, especially the Fermi Gamma-ray Space
Telescope [1]. The major population of the extragalactic
y-ray bright objects is blazars, a subclass of active galactic
nuclei (AGNs) with relativistic jets pointed along the
observers’ line of sight [2,3]. The multiwavelength spectral
energy distribution (SED) of blazars is dominated by jets’
nonthermal emission, which usually exhibit a two-hump
structure. Conventionally, the low-energy hump, from radio
to UV/x ray, is thought to be originated from the synchro-
tron radiation of accelerated relativistic electrons, while the
modeling of high-energy hump, from x ray to y ray, leads to
bifurcated leptonic models and hadronic models. In lep-
tonic models, the high-energy hump is explained by inverse
Compton radiation from relativistic electrons that up-
scatter soft photons emitted by the same electrons pop-
ulation (synchrotron-self Compton, SSC; [4-6]), or soft
photons originated from external photon fields (external
Compton, EC [7]). In hadronic models, the high-energy
hump is interpreted by many processes [8—17], among
which the proton synchrotron radiation is the commonly
considered one.
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When applying proton synchrotron radiation to explain
the high-energy hump of blazars, some extreme physical
parameters are often introduced. Among which the most
widely discussed is the total jet power. In general, the
Eddington luminosity of the central supermassive black
hole (SMBH) is treated as the upper limit of the total jet
power [18-20]. Some analytical and modeling studies
suggest that a highly super-Eddington jet power has to
be introduced because of the large particle mass of protons
and the relative low radiation efficiency [11,19]. However,
some works put forward different opinions. Through
analytical analysis, [21] suggest that the proton synchrotron
radiation model when explaining the very-high-energy
(VHE; =0.1 TeV) emission can have a sub-Eddington
jet power, while a super-Eddington jet power is still needed
when explaining the powerful GeV emission. In the
numerical fitting of VHE spectrum, [12] also finds sol-
utions with the sub-Eddington jet power by searching the
parameter space in a wide range. Also, due to the relative
low radiation efficiency of proton synchrotron emission, a
strong magnetic field (>10 G) is usually required in the
theoretical modeling [8,11,21]. However, radio observa-
tions and polarization measurements indicate that the sub-
pc scale jet usually has a weak magnetic field (<10 G,
e.g., [22-30]), which may not meet the requirements of the
theoretical modeling.

In this work, we develop an analytical method to revisit the
proton synchrotron radiation in blazar jets. In addition to the
widely discussed contribution at GeV and VHE bands, we
also study if the proton synchrotron radiation can contribute

© 2023 American Physical Society
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to the x-ray band. With the proposed analytical method, we
will show if the proton synchrotron radiation can explain the
emission of high-energy hump without introducing extreme
physical parameters (e.g., a super-Eddington luminosity or a
strong magnetic field described before). In Sec. 11, we present
the analytical method to find the parameter space. In Sec. III,
we employ the analytical method to some well-known
blazars, studying if a reasonable parameter space can be
obtained. If a reasonable parameter space is obtained, then
we also fit the multiwavelength SED with the one-zone
proton synchrotron model. A summary is given in Sec. IV.
Throughout the paper, the cosmological parameters H, =
69.6 kms~! Mpc™!, Q, =0.29, and Q, =0.71 [31] are
adopted in this work.

II. METHOD

In the modeling of blazars’ emission, it is widely
assumed that all the nonthermal radiation of the jet comes
from a compact spherical emitting region. It is composed of
a plasma of charged particles in a uniformly magnetic field
B with radius R and moving with bulk Lorentz factor
[ = (1 —p%)7/2, where frc is the jet speed, along the jet,
at a viewing angle 6, with respect to observers’ line of
sight. Due to the beaming effect, the observed radiation
is strongly boosted by a relativistic Doppler factor op =
[T(1 = Brcos@y)]~". In this work, by assuming O, <
1/T for blazars, we have 6p ~I'. In the following, the
analytical study of constraining the parameter space is
given under the framework of this conventional one-zone
model. In this section, the parameters with superscript
“obs” are measured in observers’ frame, those with super-
script “AGN” are measured in the AGN frame, whereas the
parameters without the superscript are measured in the
comoving frame, unless specified otherwise.

In the analytical calculation, there are three constraints
on the parameter space, the first of which is that the total jet
power LJ-/ZtGN does not exceed the Eddington luminosity
LEdd of SMBH,

AGN _ 7 AGN AGN AGN AGN
Lggq = Ljet - Lp,cold + Le,inj +Lg Lp,inj . ()
where the four terms on the right-hand side represent the
kinetic power in cold protons, the injection power of
relativistic electrons, the power carried in magnetic field,
and the injection power of relativistic protons. In this work,
it is assumed that the high-energy hump is mainly from the
proton synchrotron radiation, therefore the total jet power is
dominated by the power of injected relativistic protons

LGN and magnetic field LN, More specifically,
LESN = 2R T2 Uy, (2)

where ¢ is speed of light, Uy = B?/8x is the magnetic field

energy density, and LOON = Ly, where Ly is the

injection power of relativistic protons in the comoving
frame. If assuming that relativistic protons are injected with
a power-law energy distribution and the spectral index is 2
as predicted by the diffuse shock acceleration [32], then we
have

obs 172

Lo VL e 107 max
p.nj — f 5 ’
p.syn’D

(3)

where uL,,gE;k is the observed peak luminosity of the high-
energy hump, y, m.x can be deduced from the monochro-

matic approximation
1/2
)W

where £ is the Planck constant, z is the redshift and Eggjk is

the observed peak energy of the high-energy hump, and
tavn B’Ry, 1nax
qusyn:rn-m{ dy 71} :min{m 1} (5)

psyn 6amc(52)*
is the cooling efficiency of proton synchrotron radiation,
where 74y, is the dynamical timescale, 7, ,,, is the cooling
timescale of proton synchrotron radiation, o is the
Thomson scattering cross section, m, is the rest mass of
an electron, and my, is the rest mass of a proton. Substituting
Egs. (2)—(5) into Eq. (1), it can be found that there are three
parameters, which are B, R, and Jp, respectively. By fixing
the blob radius R, which can be inferred from the observed
minimum variability timescale, we can find the parameter

space of B and p satisfying the constraint Lgqq > Ly

In the above calculation, y, ., is deduced from the
observed peak energy of the high-energy hump. However it
is necessary to check if protons can be accelerated to this
energy, which is the second constraint limiting the param-
eter space. Here, we estimate the maximum proton energy
from the Hillas condition [33]

_ Eon (14 2)
Tomax =\ 153 % 103hBsy

B R 6p
— e
1Glpcl+z

Eobs ~ 1021

p.max (6)
Similarly, fixing the value of R, we can find the parameter
space of B and dp when protons can be accelerated to the
required energy.

Ensuring that the emitting region is transparent to high-
energy emission is the third condition limiting the param-
eter space, which is important for the VHE emission. Using
the O approximation, the internal yy opacity can be
estimated as [34]

Y Lyion (En) | 7
Ty = obs 3 ( )
AnRCcEY): 6p

low
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FIG. 1.

Upper four panels: the ratio of Liy/Lggq in the dp-B diagram for 1ES 0229 + 200 peaking at 7.3 TeV, when setting
R=1x10",1x10%,1x10'%,1 x 10'7 cm, respectively. The black curves with arrows represent the parameter space that satisfied
the Hillas condition. The vertical blue curves with arrows show the lower limit of §p that allows the escape of maximum energy y-ray
photons. The vertical and horizontal purple curves show the space that B < 10 G and 6p < 30. The white dashed contours denote
specific values of log(Lie/Lgga) associated with the color bar. Lower two panels: the fitting result of the SED of 1ES 0229 + 200 with
the conventional one-zone model (left panel) and the corresponding timescales of various cooling processes for relativistic electrons and
protons as a function of particle energy in the comoving frame (right panel). In the lower left panel, the cyan points from UV to GeV
bands and in the VHE band are quasisimultaneous data taken from [39] and archival data taken from [40], respectively. The dashed
green and blue dotted curves represent the relativistic electrons and protons synchrotron emissions, respectively. The solid black curve is
the total emission from the emitting region. In the lower right panel, the green dashed, red dash-dotted, blue dotted, and black solid
curves represent the relativistic electrons synchrotron, SSC, protons synchrotron, and dynamical timescales, respectively. The
parameters are the same as those shown in Table II.
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FIG. 2. Upper four panels: the ratio of Lije/Lggq in the 6p-B diagram for 1ES 1101-232 peaking at 1.1 TeV, when setting
R=1x10"1x10",1x 10", 1 x 10'7 cm, respectively. Lower two panels: the fitting result of the SED of 1ES 1101-232 with the
conventional one-zone model (left panel) and the corresponding timescales of various cooling processes for relativistic electrons and
protons as a function of particle energy in the comoving frame (right panel). In the lower left panel, the cyan points from UV to GeV
bands and in the VHE band are quasisimultaneous data taken from [39] and archival data taken from [41], respectively. The parameters
are the same as those shown in Table II. The line styles in all panels have the same meaning as in Fig. 1.
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FIG. 3. Upper four panels: the ratio of Liy/Lggq in the 8p-B diagram for 1ES 2037 + 521 peaking at 140 GeV, when setting
R=1x10"1x10",1x10",1 x 10'7 cm, respectively. Lower two panels: the fitting result of the quasisimultaneous SED of 1ES
2037 + 521 with the conventional one-zone model (left panel) and the corresponding timescales of various cooling processes for
relativistic electrons and protons as a function of particle energy in the comoving frame (right panel). In the lower left panel, the cyan
points are data taken from [42]. The parameters are the same as those shown in Table II. The line styles in all panels have the same
meaning as in Fig. 1.
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FIG. 4. Upper four panels: the ratio of Liy/Lgqq in the §p-B diagram for Mrk 421 peaking at 50 GeV, when setting
R=1x10",1x10%,1x10'%,1 x 10'7 cm, respectively. Lower two panels: the fitting result of the quasisimultaneous SED of
Mrk 421 with the conventional one-zone model (left panel) and the corresponding timescales of various cooling processes for relativistic
electrons and protons as a function of particle energy in the comoving frame (right panel). In the lower left panel, the cyan points are data
taken from [43]. The parameters are the same as those shown in Table II. The line styles in all panels have the same meaning as in Fig. 1.
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where 6,, ~1.68 x 1072 cm? is the cross section for yy
2m.c* 53
TT9°E. Tepresents energy of target
peak,obs

photons interacted with the photons at the peak of the high-

energy hump, and vL, 0% (ES) is the corresponding

luminosity. For a specific blazar, we can get the values
of ES™ and vL, 0% (E) from its SED. Then, fixing the
value of R, the range of dp that makes the emitting region

transparent can be found.

hilats obs __
annihilation, £ =

III. APPLICATION

In this section, we apply the analytical method, i.e.,
Egs. (1), (6), and (7), to several well-known blazars,
showing the ratio of Liy/Lgqq in the dp-B diagram for
different radius of emitting region. As indicated by obser-
vations, if the parameter space can be found when
B <10 G [22-27] and 6p <30 [35] (hereafter referred
to as the observational constraints), we also fit their SEDs
with the obtained reasonable values of B, ép, and R.
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FIG. 5.

A detailed numerical model description can be found in our
previous work [17]. To better fit the low-energy hump,
relativistic electrons are assumed to be injected with a
broken power-law energy distribution. For a self-consistent
comparison with the analytical result, relativistic protons
are assumed to be injected in the form of a power-law
energy distribution with a spectral index of 2. Note that,
hadronic interaction processes, including py and pp, are
not considered in the modeling, since many works argue
that they are normally inefficient in the framework of one-
zone model [36,37].

In the following, we study the parameter space when
assuming proton synchrotron radiation dominates the high-
energy hump that peaks in four energy ranges, which are
10-100 keV, 0.1-10 GeV, 10 GeV-1 TeV, and 1-10 TeV,
respectively. Note that, these peak energies are given after
correcting for the extragalactic background light (EBL)
absorption [38]. In each energy range, two blazars are
studied as representatives. The detailed information of the
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The ratio of Liy/Lgq in the dp-B diagram for S5 0716 + 714 peaking at 1 GeV, when setting R =1 x 1014,

1x 10,1 x 10,1 x 107 cm, respectively. The line styles in all panels have the same meaning as in Fig. 1.
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sample is given in Table I. The derived parameter spaces,
corresponding fitting results and cooling timescales are
shown in Figs. 1-8.

Case 1: 1-10 TeV.—Here we study two typical hard-TeV
spectrum blazars, which are 1ES 0229 4200 and 1ES
1101-232. In the p-B diagrams of Figs. 1 and 2, under the
observational constraints, it can be seen that only when
setting R = 1 x 10!7 c¢m the parameter space can be found.
Especially for 1ES 0229 + 200, its parameter space is
restricted strictly. In the modeling, the high-energy hump is
dominated by the proton synchrotron radiation, and the
SSC radiation of electrons can be ignored, since electrons
mainly lose energy through the synchrotron radiation, as
shown by the cooling timescales in Figs. 1 and 2. Please
note that the UV data points of 1ES 0229 4200 are
suggested as the emission from the host galaxy [39],
therefore we do not fit them with the jet model.

Case 2: 10 GeV-1 TeV.—In this energy range, we study
1ES 2037 4521 and Mrk 421. The derived results are

log(Ljet/Ledd)
2.6 39 5.2 6.5 7.8 9.1

C279, R=1x10*cm

B (G)

log(Ljet/Ledd)
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1x 10 cm 3§

B (G)
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basically similar to those obtained in the range of 1-10 Te'V.
As shown in Table I, since the high-energy hump’s peak
luminosities of 1ES 2037 4 521 and Mrk 421 are lower
than those of 1ES 0229 + 200 and 1ES 1101-232, larger
parameter spaces are derived. It can be seen in Figs. 3 and 4
that parameter spaces can be found under the observational
constraints when R = 1 x 10' cm and R = 1 x 10'7 cm.
In the modeling, their high-energy humps are fitted by the
proton synchrotron radiation as well.

Case 3: 0.1-10 GeV—Here we study two powerful
blazars, which are S5 0716 + 714 and 3C 279. Compared
to the blazars studied in cases 1 and 2, they have higher
peak luminosities and lower peak energies. It can be found
in Figs. 5 and 6 that the super-Eddington jet power is
generally needed if applying the proton synchrotron radi-
ation to explain their high-energy humps. Only when
setting R = 1 x 10'* c¢m, can 3C 279 have a small param-
eter space. However if considering op < 30, it is necessary
to introduce an extreme magnetic field exceeding 103 G,
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2.6 3.9 5.2 6.5 7.8 9.1

log(Ljet/Ledd)
2.6 3.9 6.5 7.8 9.1
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~
Sao

S, =
.............

~ao
~~
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FIG. 6. The ratio of Lio/Lggq in the 8p-B diagram for 3C 279 peaking at 0.2 GeV, when setting R =1 x 10,1 x 10",
1 x10%,1 x 10'7 c¢m, respectively. The line styles in all panels have the same meaning as in Fig. 1.
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FIG. 7. Upper four panels: the ratio of Lje/Lggq in the 6p-B diagram for Mrk 421 peaking at 100 keV, when setting R = 1 x 10,
1x 10,1 x 10,1 x 107 cm, respectively. Lower two panels: the fitting result of the quasisimultaneous SED of Mrk 421 with the
conventional one-zone model (left panel) and the corresponding timescales of various cooling processes for relativistic electrons and
protons as a function of particle energy in the comoving frame (right panel). In the lower left panel, the cyan points are data taken
from [43]. The parameters are the same as those shown in Table II. In the lower right panel, purple dash-dotted line represent the
relativistic electrons EC emission. Other line styles in all panels have the same meaning as in Fig. 1.
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1 x 10,1 x 10,1 x 10'7 cm, respectively. The line styles in all panels have the same meaning as in Fig. 1.

TABLE L

80

3C 279, R=1x10"7 cm

100

dp-B diagram for 3C 279 peaking at 100 keV, when setting R =1 x 10",

The sample. Columns from left to right: (1) The energy range that the high-energy hump peaks in. (2) The object name.

(3) The redshift of the object. (4) The SMBH mass in units of the solar mass, M. (5) The object’s EBL corrected peak energy of high-
energy hump. (6) The object’s EBL corrected peak luminosity of high-energy hump. (7) References that provide Eglg;k and VL,,glg;k. For
1ES 1101-232 and 1ES 2037 4 521, in absence of an estimated black hole mass, we considered an average value of 10°M, o [44.45].

Energy range Object Z Mzy Egg;k VLDEEZk References
)] (2) (3) C)) (5) (6) (7
1-10 TeV 1ES 0229 + 200 0.14 1.5 x 10° [46] 7.3 TeV 1.1 x 10 ergs™! [40]
1ES 1101-232 0.188 9 1.1 TeV 1.0 x 10* ergs™ [41]
10 GeV-1 TeV 1ES 2037 + 521 0.053 9 140 GeV 1.9 x 10* ergs™! [42]
Mrk 421 0.031 1.3 x 10° [47] 50 GeV 1.8 x 10% ergs™! [43]
0.1-10 GeV S5 0716 + 714 0.31 1 x 108 [19] 1 GeV 1.4 x 10% ergs™! [11]
3C 279 0.536 8 x 108 [19] 0.2 GeV 7.2 x 10% ergs™! [11]
10-100 keV Mrk 421 0.031 1.3 x 10° [47] 100 keV 1.4 x 10 ergs™' [43]
3C 279 0.536 8 x 108 [19] 100 keV 1.2 x 10* ergs™! [11]
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TABLE II.

Parameters for the SED fitting with the conventional one-zone model. Columns from left to right: (1) The object name.

(2) The Doppler factor. (3) The magnetic field. (4) The blob radius. (5) The injection luminosity of relativistic electrons in the comoving
frame. (6) The break electron Lorentz factor. (7) The electron spectral index before ¥, ;,. (8) The electron spectral index after y, . (9) The
injection luminosity of relativistic protons in the comoving frame. (10) The maximum proton Lorentz factor. Note that, in the modeling
of leptonic emission, the minimum and maximum electron Lorentz factors are fixed to 1 and 100, since they have little effect on the
fitting results. For relativistic protons, the proton minimum Lorentz factor is fixed to 1. The adopted value of maximum proton Lorentz
factor y, max is lower than that constrained by the Hillas condition. The magnetic field B and Doppler factor ép are selected from the

parameter space that obtained in corresponding dp—B diagrams.

ObjCCt 5D B (G) R (Cm) Le.inj (erg S_l) Veb Te 1 Xe 2 Lp,inj (erg S_l) 7 p.max

(1) (2) (3) 4) (6) 7 @ ) (10)

1ES 0229 + 200 7 10 1 x 10" 1.7 x 10* 1.8x10° 1.1 41 5.7 x 10% 3.4 % 10"
IES 1101-232 10 3 1 x 10" 1.3 x 10* 75%x104 1.1 37 1.3 x 10% 1.0 x 10"
1ES 2037 + 521 20 2 1 x 10" 2.2 x 10% 15x10° 1.1 38 7.5 x 10 6.9 x 1010
Mrk 421 (ES%, =50 GeV) 20 1 1 x 10" 2.9 x 10%0 1.5x10* 12 38 3.8 x 10% 2.8 x 1010
Mrk 421 (ES% =100 keV) 26 025  1x 10" 2.4 x 10% 3.1x10* 1.3 43 2.7 x 104 8.6 x 107

which is obviously contrary to the observation. Therefore,
we do not fit their SEDs with the one-zone proton
synchrotron model due to the requirement of extreme
physical parameters. A reasonable interpretation can be
given by the conventional leptonic model [11]. Blazars with
high-energy hump peaks in the range of 0.1-10 GeV are
usually low or intermediate synchrotron peaked blaz-
ars [48-50]. Following the Fermi blazar sequence [51],
low or intermediate synchrotron peaked blazars usually
have high y-ray luminosities. Compared to cases 1 and 2,
the radiation in the range of 0.1-10 GeV is produced by
lower energy protons with lower radiation efficiency,
therefore a higher proton injection luminosity, exceeding
the Eddington luminosity, is required.

Case 4: 10—100 keV—In this energy range, we study if
the hard x-ray components of Mrk 421 and 3C 279 can be
explained by the proton synchrotron radiation. As dis-
cussed in case 3, hard x-ray spectra are more difficult to
interpret with proton synchrotron radiation because it is
contributed by lower energy protons which are cooled
inefficient. For the hard x-ray component of Mrk 421, [52]
argues that it cannot be interpreted by the low-energy tail
of the SSC emission in the framework of one-zone SSC
model. Here, we study if the proton synchrotron radiation
could be a possible explanation. In Fig. 7, it can be seen
that, since the hard x-ray luminosity of Mrk 421 is quite
low, parameter space under the observational constraints
can be found. By employing the values of dp, B, and R in
the obtained parameter space, we fit the hard x-ray
spectrum of Mrk 421 with the proton synchrotron radiation
(see [17,52,53] for other explanations). However, with the
adopted blob radius, the energy density of synchrotron
photons emitted by relativistic electrons U, gy, ~ 3.2 X
1076 erg cm ™ would be much lower than that of magnetic
field Ug ~ 2.5 x 1072 ergecm™3. Therefore, in the frame-
work of one-zone model, additional radiation component
should be introduced to explain the high-energy hump

instead of the SSC radiation. We find that the broad-line
region luminosity Lg g & 2.3 x 10*! ergs™! of Mrk 421 is
given in [54], which may suggest the existence of weak
external photon fields. In this work, we assume that the
blob is placed at ~0.1 pc away from the SMBH, so that the
EC radiation can fit the high-energy hump [here the energy
densities of external photon fields are calculated with
Egs. (A4) and (AS) in [17]]. For 3C 279, because of its
high hard x-ray luminosity, no parameter space is found as
shown in Fig. 8.

IV. SUMMARY

In this work, we revisit the proton synchrotron radiation
in blazar jets and study its possible contribution on the
high-energy hump. The analytical analysis is based on the
following three constraints:

(1) The total jet power does not exceed the Eddington

luminosity of SMBH.

(2) The maximum proton energy is smaller than that

obtained from the Hillas condition.

(3) The emitting region is transparent to the y-ray

emission.
We present the ratio of Liy/Lggq in the B-0p parameter
space for different blob radius. As studied in cases 1 and 2,
the parameter space can be found for > 10 GeV emission.
On the premise that the jet power does not exceed the
Eddington luminosity, if considering a relative large blob
radius (R = 1 x 10'% or 1 x 10'7 ¢cm), the parameter space
that satisfies observational constraints (i.e., B < 10 G and
0p < 30) can be found, and if assuming a relative compact
blob (R =1 x 10" or 1 x 10" cm), a strong magnetic
field >100 G is inevitably needed. This result is consistent
with [21]. Therefore, by considering a canonical value of
the Doppler factor, i.e., 5p = 10, we suggest that proton
synchrotron radiation can account for the variability of
>10 GeV emission longer than the day scale. On the other
hand, when interpreting the faster variability, the proton
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synchrotron radiation model can be ruled out (also see the
discussion in [12]) if it is agreed that extremely strong
magnetic fields do not exist in blazar jet. For the powerful
y-ray emission peaked in the range of 0.1-10 GeV studied
in case 3, no parameter space is found, as concluded
in [19,21]. We want to emphasize that if the GeV
luminosities of some blazars are weak enough, proton
synchrotron radiation may still be able to explain the high-
energy hump. For the 10-100 keV emission studied in case
4, the parameter space that satisfies the observational
constraints can be found if the object’s luminosity is low
enough; however it still cannot find a parameter space when
the object has a powerful keV emission.

To summarize, our results suggest that, under certain
conditions, proton synchrotron radiation is a possible
explanation for the high-energy emission of blazars. On
the other hand, since proton synchrotron radiation predicts

a higher maximum degree of polarization than that of
inverse Compton scattering [55-57], recent and future
x-ray and y-ray polarization observations [58—61] will be
important to distinguish the leptonic and proton synchro-
tron emission at high-energy bands.
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