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Abstract

The location of γ-ray-emitting region in blazars has been an open issue for several decades and is still being
debated. We use the Paliya et al. sample of 619 γ-ray-loud flat-spectrum radio quasars with available spectral
energy distributions and employ a seed photon factor approach to locate the γ-ray production region. This method
efficiently sets up a relation between the peak frequencies and luminosities for the synchrotron emission and
inverse Compton scattering, together with a combination of the energy density and characteristic energy for the
external seed photon field, namely, U0 0, an indicative factor of seed photons in units of Gauss. By comparing it
with canonical values of the broad-line region (BLR) and molecular dusty torus (DT), we principally ascertain that
the GeV emission originated far beyond the BLR and close to the DT—farther out at parsec scales from the central
black hole, which supports a far-site scenario for γ-ray blazars. We probe the idea that inverse Compton scattering
of infrared seed photons is happening in the Thomson regime. This approach and our findings are based on the
validity of the external Compton model, which is applicable in understanding the GeV emission mechanism in
FSRQs. However, the completeness of this framework has been challenged by reports of neutrino emission from
blazars. Thus, we also shed new light on the neutrino production region by using our derived results because
blazars are promising neutrino emitters.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Flat-spectrum radio quasars (2163); Gamma-ray
sources (633)

Online material: machine-readable table

1. Introduction

As the most distinctive subclass of active galactic nuclei
(AGNs), blazars are characterized by high-amplitude rapid
variability, apparent superluminal motion in their parsec-scale
jet, core-dominated nonthermal continuum, and strong emission
over the entire electromagnetic spectrum because their relativis-
tic jets are oriented very close to the observer’s line of sight
(Wills et al. 1992; Urry & Padovani 1995; Romero et al. 2002;
Fan et al. 2005, 2016, 2021; Abdo et al. 2010a, 2010b;
Ghisellini et al. 2010; Marscher et al. 2011; Acero et al. 2015;
Pei et al. 2016, 2020a, 2020b; Xiao et al. 2019; Ajello et al.
2020; Burd et al. 2021), and all of these properties are due to the
relativistic beaming effect (Madau et al. 1987; Ghisellini 1993;
Dondi & Ghisellini 1995; Fan et al. 2009, 2013; Savolainen
et al. 2010; Pei et al. 2019; Yang et al. 2022).

Historically, featuring the appearance of the broad emission lines
in their optical spectra, blazars are divided into two categories: flat-
spectrum radio quasars (FSRQs), which exhibit strong and broad
emission lines with an equivalent width of EW> 5 Å in the rest-
frame, and BL Lacertae objects (BL Lacs), which have

quasi-featureless spectra (EW< 5 Å) (Urry & Padovani 1995;
Scarpa & Falomo 1997). Alternatively, the demarcation between
two subclasses can be drawn based on the luminosity of the broad-
line region (BLR) of FSRQs measured in Eddington units:
LBLR/LEdd 5× 10−4, i.e., LDisk/LEdd 5× 10−3, when LBLR;
0.1LDisk is taken into account, while BL Lacs have luminosity
lower than this criterion (Ghisellini et al. 2011; Pei et al. 2022).
Here LBLR, LDisk, and LEdd denote the BLR luminosity, accretion
luminosity, and Eddington luminosity, respectively. This more
physical classification indicates that FSRQs may have stronger
accretion disk emission.
The spectral energy distributions (SEDs) of blazars are

usually dominated by two spectral peaks: the first at low to
medium energies (radio to X-ray, νp∼ 1013 Hz), and the
second at high energies (from X-ray to γ-ray, νp∼ 1022 Hz)
(see, e.g., Ghisellini et al. 1998; Fan et al. 2016, and references
therein). Based on the leptonic blazar model, the first peak is
produced by synchrotron emission from ultrarelativistic
electrons embedded in a magnetic field within the plasma jet,
and the second peak is believed to emanate from the inverse
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Compton (IC) scattering of low-energy photons by the same
electron population that generates the synchrotron emission
(Fossati et al. 1998; Ghisellini et al. 1998; Böttcher 1999;
Chen 2018). The GeV emission is generally believed to be
generated by IC emission.

Blazars dominate the extragalactic γ-ray sky (Abdo et al.
2010c, 2010d; Abdollahi et al. 2020; Fermi-LAT collaboration
et al. 2022). However, the question of the dominant production
mechanism and exact location of the γ-ray emission observed
in blazars has remained unresolved for several decades. The
lack of high-resolution instruments and the complicated nature
of blazars have resulted in plenty of proposals about the γ-ray
emission region.

Regarding FSRQs, it is generally accepted that γ-ray photons
are probably attributable to the IC scattering of external
ambient photon fields (EC). Two scenarios have been
discussed, namely near-site, i.e., inside the BLR, in which
the dissipated energy is located at a distance of 0.1–1 pc from
a central supermassive black hole (SMBH) (see e.g., Sikora
et al. 1994; Poutanen & Stern 2010), and/or far-site, i.e.,
outside the BLR or beyond the molecular dusty torus (DT), in
which the electron energy is dissipated several parsecs away
from the SMBH (e.g., Wagner et al. 1995; Błażejowski et al.
2000; Jorstad et al. 2001; Arbeiter et al. 2002; Marscher et al.
2010; Meyer et al. 2019).

The critical difference between the BLR and DT is the
energy of the seed photons. If the GeV emission originates
within the BLR, the IC scattering of ultraviolet (UV) seed
photons that produces the γ-rays occurs at the onset of the
Klein–Nishima regime. On the other side, if the γ-ray emission
is produced farther out in the DT, then the IC scattering of
infrared (IR) seed photons comes from the Thomson regime.

The Large Area Telescope on board the Fermi Gamma-ray
Space Telescope (Fermi-LAT) provided, for the first time,
γ-ray light curves and has been detecting flares with variability
timescales of ∼104 s in some FSRQs since its launch in 2008,
offering evidence of γ-ray emission produced in the near-site
scenario (Abdo et al. 2009a, 2010c, 2010e; Atwood et al. 2009;
Ackermann et al. 2010; Foschini 2011; Nalewajko et al. 2014).
By analyzing the light curves of two FSRQs, 3C 454.3 and
PKS 1510–089, Tavecchio et al. (2010) discussed the
implications of significant variability on short timescales that
have challenged the scenario that γ-rays are produced in
regions of the jet at large distances (tens of parsecs) from the
black hole.

Studies of blazars in the radio band or very long baseline
interferometry (VLBI) monitoring programs suggest that the γ-
ray and VLBI jet emission are cospatial, supporting the idea of
a far-site scenario (e.g., Larionov et al. 2008; Sikora et al. 2008;
Jorstad et al. 2010; Marscher et al. 2010; Agudo et al. 2011).
Zheng et al. (2017) studied 36 FSRQs by modeling their SEDs
and came to the conclusion that the γ-ray-emitting regions of
FSRQs are located closer to the dusty DT ranges than the BLR.

Applying a similar method to SED modeling, Cao & Wang
(2013) inferred that the location of the GeV emission region is
outside the DT for three-quarters of selected FSRQs in their
sample. Lindfors et al. (2005) analyzed 3C 279, one of the best-
observed blazars, proposing that a significant external seed
photon field is provided by the DT, which extends farther than
the BLR. Quite recently, Kramarenko et al. (2022) derived the
deprojected distance between the central engine and the region
of the GeV emission for 46 γ-ray-bright blazars by exploring
the correlation between the 15 GHz VLBA flux densities and
the γ-ray photon flux. They ascertained that the seed photons
responsible for the γ-ray emission are likely to originate well
beyond the BLR, located at a distance of a few parsecs from the
central engine.
In this paper, we aim to determine the location of GeV

emission for the γ-ray FSRQs. We follow an effective method
first proposed by Georganopoulos et al. (2012), namely the
seed photon factor (SF), and constrain the location of energy
dissipation for an enlarged sample of FSRQs. This paper is
organized as follows. The approach we apply is going to be
well presented in Section 2. In Section 3 we describe our
sample and the derived results. We conduct a statistical analysis
and discuss n Section 4. Finally, we summarize our main
findings in Section 5. Throughout this paper, we adopt the
ΛCDM model with ΩΛ; 0.73, ΩM; 0.27, and H0; 68 km
s−1 Mpc−1 (Planck Collaboration et al. 2014). The logarithms
we employ in all equations below are in the base of 10.

2. Method

2.1. Model Description

The peak energy of synchrotron emission and the EC
scattering in the observer frame can be expressed as

( ) ( ) /
B

B
z1 , 1syn

cr
b
2g d= +

( ) ( )  / z
4

3
1 , 2EC 0 b

2 2g d= +

respectively (Coppi & Blandford 1990; Tavecchio et al. 1998;
Ghisellini & Tavecchio 2008), where δ is the Doppler factor of
the jet, defined by [ ( )]1 cos 1d b q= G - - , β= v/c denotes
the speed of electrons in units of the speed of light c,

( )1 2 1 2bG = - - is the bulk Lorentz factor, and θ signifies the
viewing angle. γb is the Lorentz factor of the electrons
responsible for the synchrotron and EC components, ò0 is the
characteristic energy of the external seed photons, B is the
magnetic field permeating the emission region within the jet,
and Bcr=mec

3/eÿ= 4.4× 1013 G is the critical magnetic field.
òsyn and òEC are both in units of electron rest-mass energy.
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Taking the ratio of the two peak energies, we obtain

( )
 



B B4

3
. 3

0 syn cr

ECd
=

The observed synchrotron peak luminosity and the observed
peak IC luminosity are given by Blumenthal & Gould (1970)
and Rybicki et al. (1981):
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here σT is the Thomson cross section, n(γb) is the electron
energy distribution at γb, U0 is the external photon field energy
density in the galaxy frame, defined byU U0

3

4 0
2= ¢ G , where Γ

is the bulk Lorentz factor,U0¢ is the external photon field energy
density in the jet comoving frame, and UB= B2/8π is the
magnetic field energy density.

The ratio of Equation (4) to Equation (5) is a well-known
parameter—the Compton dominance (CD),
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Substituting Equation (3) into Equation (6), one can read
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where syn,13
pn and EC,22

pn signify the peak frequency of
synchrotron/IC component in units of 1013 Hz and 1022 Hz,
respectively.

Therefore, the seed photon factor (SF) can be given as
Ulog 0 0, i.e.,
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Here we remark that Uo and ò0 denote the energy density and
characteristic photon energy of the external seed photon
population, respectively, the former parameter being in units
of erg cm−3 and the latter one in units of the electron rest mass.
Because 1 erg= 1 cm2 g s−2 in cgs units, USF log 0 0=
will thus be in units of cm−1/2 g1/2 s−1, i.e., Gauss. This also
can be easily seen from Equation (7) that U0 0 has units
consistent with Bcr, which is in Gauss. Furthermore, this seed
photon approach is only applicable to the EC emission model
because our derived estimation of the SF is fully based on
Equation (2). Therefore, we only make use of this method
when discussing FSRQ-type blazars.

This diagnostic is robust. The value of the SF for a specific
source can be determined as long as four physical parameters
from the broadband SEDs are available. These are the peak
frequency and peak luminosity of the synchrotron emission and
IC scattering (the latter can be transformed to CD). Note that
these quantities are observable and can be obtained directly
from the quasi-simultaneous multiwavelength SED modeling
or other reference. Quasi-simultaneous SEDs guarantee that the
biases can be minimized due to averaging and reduce the
chance of interband integration mismatches. In other words,
quasi-simultaneous SEDs are unlikely to have X-ray data
during a high state while other data are taken during a low state.
The seed factor is believed to owe to the EC scattering on a

specific photon population, hinging on the energy density and
characteristic photon energy of the upscattered seed photon
population. They are known very well for both the BLR and
DT. Thus, after the SF value for a source is determined, we can
compare it with the canonical SF values of the BLR and DT,
and thereby constrain the location of the γ-ray emission for this
source.

2.2. Characteristic Values of the Seed Factor for the
Broad-line Region and Molecular Torus

In this paper, for canonical SF values of the BLR, we follow
the calculation in Georganopoulos et al. (2012). Reverberation
mapping of the BLR points to a typical size of

( )R L1 3 10 dBLR
17

,45
1 2» ~ ´ cm (Kaspi et al. 2007; Bentz

et al. 2009) for AGNs, where Ld,45 denotes the accretion disk
luminosity in units of 1045 erg s−1. The energy density of the
BLR can be estimated as U0,BLR= ξLd/(4πRBLRc);
(0.3–2.6)× 10−2 erg cm−3, here ξ is the BLR covering factor,
and we take ξ= 0.1 in our calculation (Ghisellini &
Tavecchio 2009). The value of U0,BLR can be considered to
be the same among different sources. Because the BLR SED in
the galaxy frame can be approximated by a blackbody with a
peak frequency of 1.5 LyBLRn n=

a
(Tavecchio & Ghisel-

lini 2008), consequently the characteristic photon energy of
the BLR is ò0,BLR= 3× 10−5 in units of the electron rest mass.
Using these, one can obtain the canonical SF values of the BLR
to be SF –Ulog 3.26 3.74BLR 0,BLR 0,BLR = G (Georga-
nopoulos et al. 2012). A similar result can be found in Harvey
et al. (2020).
In the molecular torus, reverberation mapping and near-

infrared interferometric studies have been normally effective
for radio-quiet sources, e.g., Seyfert galaxies and low-
luminosity blazars, due to their smaller DT region (e.g.,
Suganuma et al. 2006; Kishimoto et al. 2011; Pozo Nuñez
et al. 2014). However, we assume that the relation that the
radius of the DT scales proportionally to Ld,45

1 2 holds for our

sample of FSRQs, i.e., R L2.5 10 dDT
18

,45
1 2» ´ cm (see e.g.,

Ghisellini & Tavecchio 2009; Yan et al. 2018; Pei et al. 2022).
The energy density of DT therefore can be estimated
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by U0,DT; 3.91× 10−3
–1.42× 10−2 erg cm−3. The molecular

torus spectrum can be approximated using a blackbody
spectrum with a temperature of T= 1200 K (Malmrose et al.
2011; Georganopoulos et al. 2012; Harvey et al. 2020), which
leads to the characteristic photon energy for the DT of
ò0,DT= 5.7× 10−7. Hence, we obtain the canonical SF values
of DT to be SF –Ulog 5.04 5.32DT 0,DT 0,DT = G.

3. Sample and Results

3.1. Sample

To study the black hole mass (MBH), accretion luminosity
(Ldisk), and other related central engine properties of blazars
detected by Fermi-LAT, Paliya et al. (2021) presented a catalog
of 1030 sources for which the broadband SEDs are available.
They collected the data from the Space Science Data Center
(SSDC) SED builder tool and also involved the flux
measurements given by the Second Swift X-ray Point Source
catalog (2SXPS, Evans et al. 2020) and the 4FGL-DR2 catalog
(Abdollahi et al. 2020). Then, the peak frequencies and
corresponding fluxes for the synchrotron and IC components
are estimated by fitting a second-degree polynomial to both
peaks using the built-in function provided in the SSDC SED
builder tool. Their whole catalog containing the SED-fitting
results has been made public.5

However, their origin sample does not provide the
classification. We thus cross-check this sample with 4FGL-
DR3 (Fermi-LAT collaboration et al. 2022) and our previous
work (Fan et al. 2016). Finally, we collect 572 γ-ray FSRQs for
which the peak frequencies and peak luminosities of the
synchrotron and EC components are given by Paliya et al.
(2021) (and also the CD values). Besides, we likewise find 103
Blazar candidates of uncertain types (BCUs), i.e., blazar
candidates of uncertain type (Ackermann et al. 2015), in the
sample of Paliya et al. (2021). For the purpose of enlarging our
sample, we classify these sources into UFs (BCUs classified as
FSRQs) and UBs (BCUs classified as BL Lacs) by employing
the empirical demarcation given by Chen (2018), namely,

L0.127 log 8.18pha = - +g g , where phag is the γ-ray photon
index and Lγ denotes the γ-ray luminosity in units of erg s−1.
Based on this criterion, 47 UFs emerge. Therefore, we compile
a catalog of 619 FSRQs overall. We list all the relevant data in
Table 1. In this table, column (1) gives the 4FGL name; column
(2) the redshift; column (3) the classification, where “FSRQ”
denotes confirmed FSRQs and “UF” denotes BCU objects that
are classified as FSRQs using the criterion from Chen (2018);
column (4) the peak frequency of synchrotron emission in units
of Hertz; column (5) the peak frequency of inverse Compton
emission in units of Hertz; column (6) the peak luminosity of
synchrotron component in units of erg s−1; column (7) the flux
of the peak luminosity of the IC component in units of erg s−1;

column (8) the CD; column (9) the reference for columns (4)–
(5), where P21 = Paliya et al. (2021); column (10) the γ-ray
photon index adopted from 4FGL-DR3 (Fermi-LAT collabora-
tion et al. 2022); column (11) the γ-ray luminosity in units of
erg s−1; and column (12) the SF values derived in this
work ( log U0 0).

3.2. The SF Distribution of FSRQs

Employing Equation (9), we obtain the SF values for our
sample. We list the derived result in Table 1. The averaged
value combining FSRQs and UFs is 〈SF〉= 4.76± 0.03 G.
The histogram of distribution is presented in Figure 1. We
label two ranges: The dashed blue area indicates the BLR and
the dashed green indicates the DT region, respectively.
μ= 4.72± 0.03 and σ= 0.63± 0.05 have been obtained by
performing the Gaussian fitting on a total of 619 sources. It is
noticeable that our derived distribution is mainly located far
beyond the BLR and within the DT. There are 570 sources
(>92% of the total sample) located outside the BLR, i.e.,
SF> 3.26–3.74 G. Consequently, our finding on the location
of the γ-ray emission region supports the far-site scenario that
seed photons are father out at parsec scales. Second, we also
ascertain that the peak of the distribution is much closer to the
DT region than the BLR, which is consistent with the
conclusion of Zheng et al. (2017).

4. Discussion

For the past several decades, there have been various
discussions on the topic of the emission region of γ-ray blazars.
In the leptonic model, the GeV emission of blazars is produced
by IC scattering of photons off of the same relativistic electrons
in the jet that contribute to the synchrotron emission. For
FSRQs, the seed photons for IC scattering are the synchrotron
photons originating external to the jet, e.g., UV photons
produced from the BLR, or IR photons produced from the DT.
From there, two competing scenarios come forth—the near-site
and far-site scenarios, the former based on the idea that the
γ-ray emission region in relativistic jets of blazars is inside the
BLR, at ∼0.1–1 pc from the central engine, while the latter
considers a region much farther away from the central engine at
?1 pc.
To our knowledge, the distribution of seed photos can reflect

the location of the γ-ray emission region; it is believed that
seed photons are dissipated within the BLR in the near-site or
dispersed close to the DT in the far-site scenario. The BLR
produces UV photons while the DT produces IR photons.
Constraining the location of the γ-ray-emitting region can

pave a path for us to better understand the IC radiative
mechanism and the underlying peculiarity of blazars. If the IC
emission dominated by the EC process originated within the
BLR, a correlation between γ-ray and UV flares can be
expected because the UV photons embedded in the BLR would5 http://www.ucm.es/blazars/engines
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be available for upscattering. Alternatively, for a far-site
scenario, the IR photon fields are generated by the DT by
reprocessing radiation from the accretion disk or by illumina-
tion from the jet synchrotron emission itself, and DT is a
possible dominant source of seed photons for upscattering to
higher energy (Arsioli & Chang 2018; Breiding et al. 2018). In
this present work, we suggest that the seed photons that
contribute to the γ-ray emission are produced in the DT region,
thus supporting the far-site scenario. Many authors also identify
this far-site scenario using different methods they propose (e.g.,
Sikora et al. 2008; Jorstad et al. 2010; Zheng et al. 2017;
Kramarenko et al. 2022).

We consider that the decisive difference between the BLR
and the DT lies in the energy of the seed photons (see, e.g.,
Dotson et al. 2012). If the γ-ray emission originates inside the
BLR, the IC scattering of the BLR ultraviolet seed photons
producing the γ-rays takes place at the Klein-Nishina (KN)
regime. Whereas if the GeV emission originated farther out in
the parsec-scale DT, the IC scattering of the infrared DT seed
photons producing the γ-rays then comes about in the Thomson
regime.

4.1. The Dominant Location of Seed Photons

In the jet frame, the comoving energy density for an isotropic
photon field is ( )U U4 3 2¢ » G and ( )U U3 4 2¢ » G- for the
case of photons coming into the emitting region from behind
(Dermer & Schlickeiser 1994). If the GeV emission originated
within the BLR, the BLR photon field would be regarded as
isotropic in the galaxy frame, then ( )U 4 3 10BLR

2 2¢ ~ ´ G erg
cm−3. This consideration that the photon field is isotropic is
also suitable for the DT seed photon energy density inside the
BLR, i.e., ( )U 4 3DT

2¢ ~ G erg cm−3. Thus, for the near-site
scenario, a factor of ∼100 results from the comparison between
the two above equations. In this sense, the seed photons of
BLR (UBLR¢ ) are dominant.
On the other hand, for the far-site scenario, the BLR photons

come into the emission region from behind, then
( )U 3 4 10BLR

8 2¢ ~ ´ G- - erg cm−3. The DT seed photon
energy density remains unchanged. Consequently, if GeV
emission is produced in the approach to the DT, the DT (UDT¢ )
dominates over UBLR¢ .
Dotson et al. (2012) suggested that the electron cooling time

plays an important role in the difference in the photon energy
between BLR and DT, where γ-ray-emitting electron IC

Table 1
Sample of Fermi FSRQs

4FGL Name Class z log syn
pn log IC

pn Llog syn
p Llog IC

p CD Reference phag Llog g SF
(Hz) (Hz) (erg s−1) (erg s−1) (erg s−1) (G)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

J0001.5+2113 FSRQ 1.106 13.81 20.64 43.68 45.17 30.9 P21 2.659 46.78 6.92
J0004.3+4614 FSRQ 1.810 12.35 21.35 43.76 44.55 6.17 P21 2.585 46.63 4.4
J0010.6+2043 FSRQ 0.600 12.42 22.6 42.85 43 1.41 P21 2.318 45.21 2.9
J0030.6-0212 UF 1.804 12.59 21.48 43.94 44.99 11.22 P21 2.403 47.41 4.64
J0036.9+1832 UF 1.595 12.7 21.96 43.53 44.42 7.76 P21 2.385 46.52 4.19
J0042.2+2319 FSRQ 1.426 12.27 22.35 43.67 44.39 5.25 P21 2.322 46.56 3.29
L L L L L L L L L L L L

Note. Column (1) gives the 4FGL name; column (2) the redshift; column (3) the classification, where “FSRQ” denotes the confirmed FSRQs and “UF” denotes BCU
objects that are classified as FSRQs using the criterion from Chen (2018); column (4) the peak frequency of synchrotron emission in units of Hertz; column (5) the
peak frequency of inverse Compton emission in units of Hertz; column (6) the peak luminosity of synchrotron component in units of erg s−1; column (7) the flux of
peak luminosity of the IC component in units of erg s−1; column (8) the CD; column (9) the reference for columns (4)–(5), where P21 = Paliya et al. (2021); column
(10) the γ-ray photon index adopted from 4FGL-DR3 (Fermi-LAT collaboration et al. 2022); column (11) the γ-ray luminosity in units of erg s−1; and column (12) the
derived SF values in this work ( log U0 0).

(This table is available in its entirety in machine-readable form.)

Figure 1. Histogram and Gaussian distribution of the derived SF in our sample.
UFs denote the BCUs categorized as FSRQs (Chen 2018). The dashed blue and
green areas signify the location of the BLR and DT, respectively.
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cooling occurs (see also Cao & Wang 2013). Specifically, the
energy dependence of the electron cooling time can be adopted
to determine the regime where the electrons producing the GeV
emission cooling, i.e., the γ-ray emission, takes place, whether
that is in the Thomson (TH) regime or KN regime. Our derived
result in this paper supports the IC scattering of the IR seed
photons taking place in the Thomson regime, which leads to
energy-dependent electron cooling times, demonstrated as
faster cooling times for higher Fermi energy (Dotson et al.
2012; Finke 2013).

4.2. The Transition from the Thomson to Klein–Nishina
Regime

In the TH regime, Abdo et al. (2010b) presented a tight
correlation between the electrons’ Lorentz factor and the EC
peak frequency,

( )z3

4

1
, 10peak

2 p
EC

p
extg
n

n d
=

G
+

where γpeak denotes the Lorentz factor associated with the jet
electrons emitting at the peak of synchrotron emission, Γ is the
bulk Lorentz factor, and p

extn is the peak frequency associated
with the external photon field in the rest frame. We calculate
the γpeak for our 619 FSRQs, assuming that (i) the Doppler
factor of δ≈ Γ for the relativistic jet is close to the line of sight
in blazars with a viewing angle θ< 5° (Jorstad et al. 2005;
Dermer 2015); (ii) Chen (2018) shows that the median value of
δ for a large sample of FSRQs is 10.7, thus we perform our
calculation by taking δ= Γ= 10.7; (iii) Spitzer observations
indicates the typical peak frequency of IR dusty DT emission is

3 10p
ext IR 13n » ´- Hz (Cleary et al. 2007; Ghisellini &
Tavecchio 2009). Therefore, in the EC scenario, we obtain

log 2.99 0.34peakgá ñ =  , ranging from 2.05 to 4.18. We plot
the distribution in Figure 2.
The threshold from the TH to KN regime in the EC model

is γpeakΓhν
extmec

2, where h is the Planck constant and mec
2

is the electron energy. This criterion translates into
log 5.58peakg (note that we adopt Γ= 10.7). Clearly, all

sources are in the TH scattering regime, indicating that the EC
scattering of the IR seed photons in DT producing the γ-rays
occurs in the TH regime. This result supports our finding that
the GeV emission for FSRQs originated around the DT
location.

4.3. Correlations Associated with the Synchrotron and IC
Component

In this work, we compute the seed photon factors for a large
sample of FSRQs by employing their SED behavior. As a
matter of course, we would like to probe some correlations
such as the γ-ray luminosity against the synchrotron peak
frequency or IC peak frequency.
The monochromatic luminosity is given by

( )L d f4 , 11L
2p n= n

where f is the K-corrected flux density at the corresponding
frequency ν, and dL is the luminosity distance. The data on the
γ-ray emission (e.g., the photon index phag and γ-ray flux) are
taken from Fermi-LAT collaboration et al. (2022). Using this
equation, we can obtain the γ-ray luminosities. We list them in
column (11) of Table 1.
The comparisons of the γ-ray luminosity against synchrotron

peak frequency and photon index versus IC peak frequency
are shown in Figure 3. Two strong correlations are found.
The best fit for the synchrotron component is Llog =g

( ) ( )0.74 0.07 log 55.74 0.96syn
pn-  +  with a correlation

coefficient r=− 0.37 and a chance probability of p< 10−4

(see the left panel). Similarly, Fan et al. (2016)
found a tight anticorrelation between log syn

pn and Llog g for
999 γ-ray-loud blazars, described as (Llog 0.29= - g

) ( )0.02 log 49.58 0.35syn
pn +  with r=−0.32 and p< 10−4.

Fossati et al. (1998) also show the highly significant relation
that the synchrotron peak is increasing with decreasing
luminosity. The anticorrelation between these two quantities
is believed to be due to the strong beam in the radio emission.
Nieppola et al. (2008) found that the radio Doppler factor
would be larger at low synchrotron peaked blazars and smaller
at high synchrotron peaked blazars. This leads to higher
beaming in low peaked sources and lower beaming in highly
peaked sources. Thus, an anticorrelation between the peak
frequency and radio luminosity can be expected. Meanwhile,
the γ-ray luminosity and radio luminosity for Fermi blazars are
strongly correlated (see, e.g., Fan et al. 2016; Zhang &
Fan 2018, and references therein). Therefore, an anticorrelation
between log syn

pn and Llog g can be well explained.

Figure 2. Distribution of the electron Lorentz factor. Gaussian fitting gives
μ = 2.95 ± 0.02 and σ = 0.28 ± 0.02. The entire range is in the TH regime.
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On the other hand, the right panel demonstrates a
significantly negative correlation in the logph

IC
pa n-g plane,

namely ( ) ( )log 2.06 0.11 26.44 0.28EC
p phn a= -  + g with

r=−0.59 and p∼ 0. Because sometimes there are not
sufficient quasi-simultaneous data to construct the IC bump
for a large sample, we can make use of this relation to estimate
the EC peak frequency when a photon index is given for
FSRQs. Abdo et al. (2010b) also derived the correlation
between the IC peak and photon index for 48 sources, which,
owing to their quasi-simultaneous nature on the GeV band, are
available for conducting SED fitting and obtaining the IC peak
frequency. The best fit is log 4 31.6IC

p phn a= - +g . Notably,

the slope of the logph
IC
pa n-g plane we obtain in this work is

∼−2 and −4 was also found in Abdo et al. (2010b). We
consider this to be due to the collected sample in Abdo et al.
(2010b) being small, and besides, most principally, combining
FSRQs and BL Lacs. Our present work only takes FSRQs into
account, thus the slope will flatten because the FSRQs normally
have a larger γ-ray photon index.

Similarly, Arsioli & Chang (2018) ascertained a tight
relation displaying 0.229 log 7.34ph

IC
pa n= - +g for a limited

sample of radio-Planck sources with good measures for the IC
parameter. This tight connection between phag and log IC

pn
indicates that blazars are associated with the steepest γ-ray
sources in the 0.1−100 GeV band with the IC peaks around the
MeV band. Ghisellini et al. (2009) inferred that reducing the
γ-ray flux threshold may detect blazars with a steeper spectral
index and lower luminosity (see also Abdo et al. 2009b).

Finally, we remark that the correlations between the γ-ray
behavior versus the synchrotron/IC components shown in

Figure 3 are natural because both components depend linearly
on the relativistic electrons within the jet that are producing
synchrotron emission and upscattering the low-energy photons
into γ-rays (see the detail discussion in Giommi et al.
2012, 2013).
It should be noted that the relationships associated with the

γ-ray behavior and both the synchrotron and IC contributions
are intrinsic and do not depend on the redshift. Fossati et al.
(1998) discovered that the correlations persist even if the
redshift effect is subtracted, which elicited the question of
whether the spectral sequence or “blazar sequence” (a unified
scheme whereby blazar continua can be described by a family
of analytic curves with the source luminosity as the
fundamental parameter) actually exists. Finke (2013) probes
into the Compton dominance (called γ-ray dominance in the
past), the ratio of the peak of the Compton to the synchrotron
peak luminosities, which is essentially a redshift-independent
quantity and thus crucial to answering this question. Subse-
quently, they found that a correlation exists between
the CD and the peak frequency of the synchrotron component
for all blazars in their sample, including ones with an
unknown redshift. In this work, to confirm this verdict,
we also analyze the correlation of CD against syn

pn for
our FSRQ sample. An anticorrelation is obtained, described
as ( ) ( )logCD 0.20 0.03 log 3.08 0.50syn

pn= -  +  with
r=−0.20 and p= 6.32× 10−7. This plot is shown in
Figure 4.
Yang et al. (2022) revisit the correlation for a large sample of

255 blazars from 4FGL with available Doppler factors, drawing
the conclusion that the observed radio, X-ray, γ-ray, and
synchrotron peak luminosity are all anticorrelated with the peak

Figure 3. Plots of the γ-ray luminosity vs. the peak frequency of the synchrotron emission (left panel) and the photon index against the peak frequency of the IC (right
panel). The best fit gives ( ) ( )Llog 0.74 0.07 log 55.74 0.96syn

pn= -  + g with r = −0.37 and p < 10−4 for the synchrotron component, and

( ) ( )log 2.06 0.11 26.44 0.28EC
p phn a= -  + g with r = −0.59 and p ∼ 0 for the IC component, respectively.
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frequency, but the debeamed luminosity is positively correlated
with the debeamed peak frequency. This implies that those
anticorrelations are perhaps due to a selection effect or a
beaming effect (see also Chen et al. 2021).

4.4. VHE FSRQs

Interestingly, Acharyya et al. (2021) investigate six bright
FSRQs showing very high-energy (VHE) photon emission.
The VHE photons are characterized by having an energy
Eγ� 20 GeV in the rest frame of a source, and these FSRQs are
also known as TeV sources.6 They found the γ-ray emission
region for these six bright FSRQs are beyond the BLR and
farther out in the DT, supporting the far-site scenario. We
cross-checked these six FSRQs and find they are all in our
sample with average daily fluxes of 10−6 cm−2 s−1 within 1σ
uncertainties above 100MeV. They are CTA 102, B2 1520
+31, PKS 1510–089, PKS 1502+106, PKS 1424–41, and PKS
0454–234, and their SF values are 4.93, 4.80, 5.15, 4.89, 5.08,
and 5.04, respectively. In other words, they are all between the
peak of the SF distribution and the range of DT, indicating the
γ-ray location of these sources is far beyond the BLR and very
close to (or, say, around) the DT region.

Previous observations of VHE photons also show that the γ-
ray emission originated outside the BLR (e.g., Liu &
Bai 2006). However, Böttcher & Els (2016) pointed out that
the opacity constraints derived can be evaded by resorting to
multizone models where the production regions of GeV and
VHE emission are not cospatial because the VHE photons
observed are emitted at large distances from the SMBH.

Therefore, this characteristic feature is likely to challenge the
simple one-zone leptonic emission model, the standard and
most widely used version of the leptonic model, which assumes
there is only one leptonic plasma-filled zone responsible for the
synchrotron and IC emission of a blazar.
Based on our findings, we suggest that FSRQs whose seed

photons are produced around the DT are probably TeV
sources, showing very high energy (Eγ� 20 GeV). Another
interpretation is that if the emission region is located far
beyond the BLR, the VHE photons can avoid severe γ−γ

absorption and the KN effect would be weak in the VHE
spectrum until the energy is far larger than 1025 Hz (e.g., Cao
& Wang 2013).

4.5. Can SF Likewise Imply the Region of Neutrino
Emission?

On 2017 September 22, the IceCube Neutrino Observatory
detected a high-energy (Eν 290 TeV) muon-track neutrino
event (IceCube-170922A) from the flaring blazar TXS 0506
+056 (IceCube Collaboration et al. 2018a), located at a redshift
of z= 0.3365 (Paiano et al. 2018). A follow-up analysis of
IceCube archival data reported a∼3.5σ excess of 13± 5
neutrino events in the range of 32 TeV−3.6 PeV to be
coincident with the flaring state of the blazar TXS 0506+056
during a ∼6 month period in 2014–2015, yielding the
first ever∼3σ high-energy neutrino source association
(IceCube Collaboration et al. 2018b). Neutrinos are produced
in photopion (pγ, p+ γ→ π++ n) or hadronic (pp, p+
p→ X+Nππ

±, here Nπ stands for the pion multiplicity)
interactions of protons and nuclei.
Beforehand, many authors have proposed that blazars may

accelerate protons to very high energies and may thus be
cosmic neutrino-emitter sources. Notably, flares are ideal
periods for neutrino production in blazars (e.g., Zhang et al.
2020). During the flares, the density of the target photon field
for photomeson interactions with the hadrons within the jet
would be enhanced along with the injection rate of accelerated
protons. This leads to the neutrino luminosity being signifi-
cantly reinforced relative to the γ-ray luminosity, namely
L Lµn g

a, where α∼1.5–2 (Murase et al. 2014; Murase &
Waxman 2016; Petropoulou et al. 2016).
Neutrino production is expected to be much more efficient in

FSRQs than in BL Lacs due to the higher powers and existence
of external photon fields (Atoyan & Dermer 2003). The nuclear
region of FSRQs is naturally abundant in photons, providing an
ideal environment for high-energy neutrinos to originate from
photohadronic interactions. Coincidentally, Padovani et al.
(2019) pointed out that TXS 0506+056 is a masquerading BL
Lac object with a hidden BLR of luminosity ≈5× 1043 erg s−1

and a standard accretion disk, i.e., intrinsically an FSRQ.
At present, a popular idea for the location of neutrino

emission is that the neutrinos and γ-rays are produced in

Figure 4. Plot of Compton dominance vs. synchrotron peak frequency. The
best fit gives ( ) ( )logCD 0.20 0.03 log 3.08 0.50syn

pn= -  +  with r = −
0.20 and p = 6.32 × 10−7.

6 http://tevcat2.uchicago.edu/
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the same region. Cospatial production is in general expected
if the neutrino emission is correlated with the γ-ray flare, and
many studies have reached this conclusion on the 2017 flare
of TXS 0506+056 (i.e., a single-zone model; see, e.g.,
Ansoldi et al. 2018; Keivani et al. 2018; Cerruti et al. 2019;
Gao et al. 2019; Plavin et al. 2020). In contrast, Xue et al.
(2019) proposed a two-zone photohadronic model for the
flare of TXS 0506+056 and demonstrated there are two
distinct emitting regions, namely a compact region within
the BLR responsible for the neutrino emission and γ-ray
emission, and another region that is beyond the BLR
accounting for the synchrotron emission. In this case, large
amounts of neutrinos could be produced by the standard pγ
model in which all of the emission is cospatially produced.
Righi et al. (2020) analyzed the SED of neutrinos and the
diffuse flux for FSRQs in two different regions as well.

Thus, if we consider that neutrino emission occurs in the
same region as photon emission, there are accordingly two
scenarios describing the location of neutrinos, the near-site and
far-site scenario, as aforementioned. As a consequence, we
suggest that the SF can also be an indicator of the location of
the neutrino-emitting region.

We employ the single-zone model as the same framework
for deriving SF. In this model, neutrinos and γ-rays are
coproduced inside the blazar blob through pγ interactions.
High-energy protons in the emitting region interact with
photons to produce charged and neutral pions, which lead to
comparable fluxes of neutrino emission and γ-ray emission. If
the target photons are comoving with a jet with bulk Lorentz
factor Γ, the predicted neutrino energy òν for all flavors can be
estimated via (Oikonomou 2022)

( )( ) ( ) ( )  z100 PeV 40 eV 10 1 , 122 2» G +n g

where òγ is the photon energy. Therefore, given the value of the
external photon field energy density U0 for a source, we can
obtain the characteristic energy ò0 for external seed photons
from our derived SF and compute the photon energy
via  peak

2
0g=g .

Our present work shows that the seed photons are probably
originated from the DT region. The SF values span from 5.04
to 5.32 G, and 93 sources in our sample are located in this
range. If we consider the neutrino emission is also produced
from DT, i.e., a far-site scenario, we obtain the neutrino energy
to be òν; 5.62 to 850.33 PeV with a median value of 193.20,
using ò0,DT= 5.7× 10−7 and Equation (12). The distribution of
òν for the far-site scenario is displayed in Figure 5.

In comparison with the PeV neutrino production,
∼0.1–1 EeV neutrinos are produced by way of interactions
between protons and IR photons from the dust torus. The lower
limit of neutrino energy in these circumstances can be roughly

estimated following Murase et al. (2014)

( ) ( ) T0.066 EeV 500 K , 13IR
1=n

-

where TIR refers to the aforementioned temperature of the dust
torus. In like manner, we adopt TIR= 1200. Hence, we
ascertain òν 0.0275 EeV.
By contrast, if we consider the near-site scenario,

SF= 3.26–3.74 G and there are 34 FSRQs in this region. The
characteristic photon energy for the BLR is ò0,BLR= 3× 10−5,
which results in òν; 2.24–604.34 PeV with a median value of
60.47 (see the distribution in Figure 5).
The neutrino energy we achieve is typically higher than

1 PeV and the Glashow resonance energy at 6.3 PeV (for
electron antineutrinos). We conclude that the external radiation
field plays an important role in PeV−EeV neutrino production.
The predicted òν distributions for the near-site and far-site
scenarios we propose in this work that correspond to the γ-ray
emission region are comparable. Thus, these two frameworks
could be both potential for the production of neutrinos. This
remains to be tested during long-lived blazars flares.
All in all, blazars are the most well-known class of

extragalactic high-energy particle accelerators, especially of
FSRQs, because they possess an efficient accretion disk and a
dense ultraviolet photon field surrounding the black hole,
which are optimal for the production of ?PeV-energy
neutrinos. We propose the seed photon factors can also be an
indicator for the neutrino emission location because the idea
that neutrinos and γ-rays are coproduced in the same region is
generally accepted.

Figure 5. Distributions of the predicted neutrino energy in all flavors for the
near-site and far-site scenarios, respectively.
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5. Conclusion

In this paper, we constrain the dissipative location of the
γ-ray emission for a large sample of 619 FSRQs, including 572
confirmed FSRQs and 47 BCU-FSRQ candidates by means of
the seed photon factor approach proposed by Georganopoulos
et al. (2012). This method is tightly associated with the SED
behavior, and the SF can be simply derived as long as the peak
frequency and peak luminosity of the synchrotron along with
IC components are available. We take these SED data directly
from Paliya et al. (2021). We stress that this seed photon
approach is only valid for the EC scattering model, thus it is
applicable to discuss the GeV emission of FSRQ-type blazars.
We find that the location of γ-rays is far beyond the BLR and
close to the DT, which supports the far-site scenario. Mean-
while, we discuss the correlations associated with synchrotron
emission and EC scattering. We also shed new light on the
production region of neutrino emission. The main conclusions
of this work are as follows:

1. The region of γ-ray emission of FSRQs is farther out at
parsec scales from the SMBH where the molecular torus
IR emission dominates, which can be illustrated by two
aspects: (i) The SF distribution is mainly located far
beyond the BLR and verges on the DT region. (ii) All
sources are in the Thomson scattering regime, indicating
that the EC scattering of IR seed photons in DT
producing the γ-rays occurs in the TH regime, which is
evidence that the GeV emission for FSRQs originated
around the DT region. Besides, the DT dominance also
supports energy-dependent electron cooling times,
appearing as faster cooling times for higher Fermi energy.

2. FSRQs with their seed photons produced in the range of
DT are probably TeV sources, emitting very high energy
with Eγ� 20 GeV (VHE). The reason is that if the
emission region is located far beyond the BLR, the VHE
photons can avoid the severe γ−γ absorption and the KN
effect would be weak in the VHE spectrum until the
energy is much larger than 1025 Hz.

3. An expected anticorrelation between the synchrotron
peak frequency and γ-ray luminosity has been verified for
our sample because the γ-ray luminosity and radio
luminosity for Fermi-detected blazars are strongly
correlated, leading to higher beaming in low peaked
sources and lower beaming in highly peaked sources.

4. We suggest that our derived SF can also be an indicator
to estimate the location of neutrino emission. We also
propose that two similar scenarios could be discussed—
the near-site and far-site models—in consideration of the
neutrinos and γ-rays being cospatially produced within
the same region. We compute the predicted neutrino
energy for the overall sample and find òν for two
frameworks are comparable with ?1 PeV, satisfying our
general expectation that blazars are optimal production

factories for PeV–EeV energy neutrinos in the extra-
galactic γ-ray sky.
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