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Abstract

In this paper, we present a long-term multiwavelength investigation focusing on 12 distinct samples of Fermi-
4LAC bright flat-spectrum radio quasars (FSRQs). Detailed variability and spectral analyses of ~-ray, X-ray, and
ultraviolet/optical data obtained by the Fermi Large Area Telescope, the Swift X-ray Telescope, and the Swift
Ultraviolet and Optical Telescope were performed over a period of about 14 yr, spanning from 2008 October to
2022 October. These analyses provide insights into characterizing the variations within different activity states. To
efficiently reproduce the multiwavelength simultaneous/quasi-simultaneous spectral energy distributions (SEDs)
of the samples, we propose a novel approach for constraining the model parameters. By analyzing the parameters
of the energy spectral curvature (), the peak frequency (v, the peak luminosity (L), the Compton dominance
parameter (Ac), and the variability timescale (#,,,) in different activity states, we can estimate the values of the jet
radiation region parameters for the samples. Subsequently, we utilize the synchrotron-self-Compton and external
Compton processes, employing a logarithmic-parabolic spectral shape to approximate the observed spectra of the
sample sources, while considering the induced regime for the physical parameters. The model results show that: (1)
by effectively reproducing SEDs in various active states of bright FSRQs, the parameters within the emission
region were reasonably constrained; (2) compared to other active states, the emission region of the jet exhibits a
reduced radius during the high state, while the magnetic field strength increases during the low state; and (3) for
bright FSRQs in a high-activity state, there is an enhancement of the Doppler factor, often exhibiting a tendency

toward energy equipartition.

Unified Astronomy Thesaurus concepts: Blazars (164); Flat-spectrum radio quasars (2163)

1. Introduction

Blazars are an extreme subclass of radio-loud active galactic
nuclei (AGNs). Their relativistic jets align with the observer’s
line of sight while producing Doppler-boosted broadband
radiation ranging from radio to very-high-energy (VHE) ~-rays.
(Urry & Padovani 1995; Abdo et al. 2010). Flat-spectrum radio
quasars (FSRQs) and BL Lacertae (BL Lac) objects are two
subclasses of blazars. FSRQs exhibit stronger and broader
emission lines (equivalent width >5A), especially in the
optical—ultraviolet (UV) spectrum attributed to the potential
existence of an accretion disk, broadline regions (BLRs; Liu
et al. 2006, 2008; Bai et al. 2009), and a dusty molecular torus
(DT; Sbarrato et al. 2012; Zheng et al. 2017; Paliya et al. 2018;
Roy et al. 2021). According to the classification by Abdo et al.
(2010), the majority of FSRQs are generally categorized as
low-synchrotron-peaked (LSP; e.g., vy, < 10'* Hz) sources,
and the inverse Compton (IC) peak often manifests at relatively
low energies. The Large Area Telescope (LAT) on board the
Fermi Gamma-Ray Space Telescope has been observing the
entire sky in the «-ray band (20 MeV to over 300 GeV) for
more than 12 yr (Atwood et al. 2009), providing essential
observations for the exploration of high-energy radiation from
~-ray sources. Currently, the fourth catalog of AGNs detected
by an incremental version of the fourth Fermi-LAT ~-ray
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source catalog (4LAC-DR3 ;4 Ballet et al. 2020; Abdollahi et al.
2022) has been released, furnishing a substantial number of
~-ray sources alongside their associated observational data.
During the initial three months of the Fermi-LAT sky survey
operation, 132 bright sources were detected at Galactic latitude
|b| > 10°, exhibiting test statistics (TSs) exceeding 100
(~100). These sources were subsequently designated as the
LAT Bright AGN Sample (Abdo et al. 2009, 2010). For
specific luminous FSRQ populations characterized by rela-
tively high-energy ~-ray emissions, investigating their broad-
band characteristics to establish reasonable physical constraints
remains a valuable avenue for research (Abdo et al
2009, 2010; Sikora et al. 2009; Zhang et al. 2012; Kang
et al. 2014, 2020; Paliya et al. 2018; Anjum et al. 2020; Roy
et al. 2021; Zhou et al. 2021; Zhu et al. 2021).

The multiwavelength spectral energy distributions (SEDs) of
blazars exhibit double-bump components in the log v — log if,
frame (Inoue & Takahara 1996; Abdo et al. 2010; Ghisellini
et al. 2010; Kang et al. 2014, 2021; Fan et al. 2016; Zheng et al.
2019, 2020; Zhou et al. 2021). The low-energy bump (radio to
UV/X-ray) is primarily attributed to synchrotron (Syn)
radiation produced by ultrarelativistic electrons within jets
(Rybicki & Lightman 1979; Dermer & Menon 2010; Zheng
et al. 2019). However, the origin of the second bump, spanning
from X-ray to v-ray energies, remains an open issue. Two
theoretical models have been proposed to elucidate the high-
energy ~-ray emission mechanism of blazars, including the
lepton model and the hadron model (Sikora et al. 2009;
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Bottcher et al. 2013; Zheng et al. 2016; Paliya et al. 2018;
Dong et al. 2021). The lepton model commonly suggests that
the high-energy bump is generated through the IC scattering
process (Kang et al. 2014, 2016; Zheng et al
2017, 2018a, 2019; Zhou et al. 2021). For FSRQs, the seed
photons for the IC scattering process can originate from either
Syn radiation within the jet (synchrotron self-Compton, or
SSC; Konigl 1981; Ghisellini & Maraschi 1989; Finke et al.
2008; Potter & Cotter 2013; Kang et al. 2014, 2016; Zheng
et al. 2019) or from external components outside the jet
(external Compton, or EC; Fossati et al. 1998; Ghisellini &
Tavecchio 2008, 2009; Ghisellini et al. 2010; Ghisellini 2010),
including accretion disks (Dermer & Schlickeiser 1993; Potter
& Cotter 2013), BLRs (Sikora et al. 1994; Ghisellini &
Madau 1996), and DTs (Blazejowski et al. 2000; Arbeiter et al.
2002; Ghisellini & Tavecchio 2008; Tavecchio et al. 2011).
Although SSC models can effectively explain the broadband
radiation mechanism of high-synchrotron-peaked blazars (e.g.,
Aleksi¢ et al. 2010; Zhang et al. 2012; Wierzcholska &
Wagner 2020; Zhou et al. 2021), for LSP blazars, such as LSP
BL Lac objects and FSRQs, the synergy of SSC and EC
models can be connected with observational data to compre-
hensively elucidate the corresponding mechanisms within the
context of the lepton model framework (e.g., Bottcher &
Chiang 2002; Kang et al. 2014, 2016, 2021; Zhang et al. 2014).
Among the parameters reflecting the radiation mechanism, the
Compton dominance parameter, Ac = LGy /L. holds
significant importance (Fossati et al. 1998; Ghisellini et al.
2010; Finke 2013). This parameter enables us to discern the
primary radiation mechanism of blazars and classify them as
high-Compton-dominated (e.g., Ac>1) or low-Compton-
dominated (e.g., Ac < 1) sources (Sikora et al. 2009; Paliya
et al. 2021; Zhou et al. 2021).

Numerous previous studies have focused on the multi-
wavelength variability and spectral analysis of blazars in recent
years (Sikora et al. 2009; Bottcher et al. 2013; Dermer et al.
2014; Liao et al. 2014; Xiong et al. 2017, 2020; Paliya et al.
2018; Kang et al. 2021; Sahakyan 2021; Sahakyan et al. 2022).
With the continuous advancement of computer algorithms,
rigorous optimization methods—e.g., maximum likelihood
estimation (Foreman-Mackey et al. 2013; Brien 2019), the
least-squares method (Hogg et al. 2010; Mankuzhiyil et al.
2011; Fan et al. 2016; Kang et al. 2016), and/or Markov Chain
Monte Carlo (MCMC) simulation (Foreman-Mackey et al.
2013; Yan et al. 2013; Qin et al. 2018; Kang et al. 2021)—have
emerged for modeling the SEDs to achieve optimal results
within the leptonic scenario. Modeling and analyzing the SEDs
at different time periods enables the connection between
observational properties and the underlying physical processes
occurring within the jet. However, when dealing with multiple
free parameters, the uncertainty in the range of each parameter
leads to extensive computational time and reduced fitting
efficiency. Furthermore, there is a possibility of encountering
parameter combinations that are inconsistent with the observed
conditions (Ghisellini et al. 2010; Tanaka et al. 2016). To
address this issue, we propose the utilization of an analytical
expression incorporating extended EC components, specifically
the parameters of the energy spectral curvature ((3), peak
frequency (vp), peak luminosity (L,), the Compton dom-
inance parameter (Ac), and variability timescale (,,,), based on
the logarithmic-parabolic (LP) model-fitting algorithm devel-
oped by Zhou et al. (2021). This approach aims to estimate the
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parameters of the jet radiation region during different active
states of 12 Fermi-4LAC bright FSRQs and effectively
reproduce their multiwavelength quasi-simultaneous SEDs.

The paper is structured as follows: in Section 2, we present
the sample description. In Section 3, the data reduction,
processing, and analysis are presented, including the presenta-
tion of the observed multiwavelength light curve and SEDs. In
Section 4, the parameter constraints, model, and the results are
described. A summary of our results is provided in Section 5.
Throughout the paper, we assume the Hubble constant to be
Hy=67.8 km s ' Mpc ™', the matter energy density to be
Qwm = 0.31, the radiation energy density to be 2, =0, and the
dimensionless cosmological constant to be 2, =0.69 (Planck
Collaboration et al. 2016).

2. Sample Description

The Fermi-LAT collaboration presented the fourth Fermi-
LAT ~-ray Source Catalog (4FGL-DR1) in 2020, which covers
8 yr of observations from the Fermi-LAT Sky Survey, spanning
2008 to 2016 (Abdollahi et al. 2020). The fourth catalog of
AGNs detected by Fermi-LAT (Ajello et al. 2020), based on
4FGL-DR1, comprises a total of 3207 AGNs. Fermi-LAT
conducted its third data release recently, which is based on 12
yr of E > 50 MeV ~-ray data, including 4FGL-DR3 (Abdollahi
et al. 2022) and 4LAC-DR3 (comprising 3814 AGNs; Ajello
et al. 2022). The blazars in 4LAC-DR3 include 792 FSRQs,
1458 BL Lac objects, and 1493 blazar candidates of uncertain
type. We filtered the FSRQs in 4LAC-DR3 based on the source
significance (Signif Avg in 4LAC-DR3 FITS Format) and
obtained 39 bright FSRQ sources with TS > 100. To ensure the
adequacy and completeness of the multiwavelength data for
bright sources, we compiled the observation IDs (including
UV, optical, and X-ray) from the High Energy Astrophysics
Science Archive Research Center (HEASARC) website.
Ultimately, we selected 12 bright FSRQs with observation ID
counts exceeding 50 as our samples, and the relevant
parameters for these samples are displayed in Table 1. We
obtained the radio and infrared flux data for the samples from
both the ASI Space Science Data Center (SSDC),6 the NASA/
IPAC Extragalactic Database (NED),” and literatures (Glauch
et al. 2022). Additionally, SSDC provided historical flux data
of various periods for the samples across multiple wavelength
bands. Since we require broadband data for samples in various
activity states, we utilize the threads of the Neil Gehrels Swift
Observatory and Fermi-LAT for data processing to derive long-
period multiwavelength light curves and quasi-simultaneous
SED data during different activity states. In the following
section, we will provide a detailed description of the data
processing procedures applied to the sample.

3. Data Reduction and Analysis
3.1. Fermi-LAT Observations

The ~-ray data used in this paper were collected by Fermi-
LAT from 2008 October to 2022 October (MJD 54740 to MJD
59854). We have downloaded and analyzed the newest Pass 8
SOURCE data in the energy range from 100 MeV to 1 TeV
using the standard reduction methodology recommended by the

3 https:/ /heasarc.gsfc.nasa.gov/db-perl /W3Browse /w3browse.pl

6 https://tools.ssdc.asi.it/SED/
7 http:/ /ned.ipac.caltech.edu/
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Table 1

Summary of Observations for Swift-XRT, Swift-UVOT, and Fermi-LAT in Our Sample

Zhou et al.

4FGL Name Source Name Nib State” Observed ID¢ Datal (MID)? Data2 (MJID)° Data3 (MIDY

(1) 2 3) 4 Q)] 6) @) ®)

J0210.7-5101 PKS 0208-512 185 H 00035002133 58923.36 58922.00 — 58925.00 58911.15 — 58935.90
L 00035002071 56184.89 55910.00 — 56195.00
A 00035002006-00035002135 54709.59-58929.81 54770.50 — 59840.50

J1048.4+7143 S5 1044471 96 H 00035034020 57825.91 57825.00 — 57827.00 57813.53 — 57839.28
L 00035034025 59564.71 59549.00 — 59579.00
A 00035034006-00035034027 56683.67-59587.72 54770.50 — 59840.50

J1159.5+2914 Ton 599 125 H 00036381028 58075.56 58075.00 — 58080.00 58063.18 — 58088.93
L 00036381010 56035.80 56020.00 — 56050.00
A 00090087002-00036381094 54964.90-59588.98 54770.50 — 59840.50

J1224.9+2122 4C 21.35 116 H 00036382028 55370.50 55365.00 — 55371.00 55358.13 — 55383.88
L 00031709013 56025.13 56010.00 — 56040.00
A 00090084001-00092193015 54931.44-58238.02 54770.50 — 59600.50

J1229.0+0202 3C 273 343 H 00031659010 55277.30 55275.00 — 55279.00 55264.93 — 55290.68
L 00035017080 55611.02 55596.00 — 55626.00
A 00035017017-00089372002 54618.95-59762.60 54770.50 — 59840.50

J1256.1-0547 3C 279 489 H 00035019229 58184.22 58182.00 — 58187.00 58171.85 — 58196.60
L 00090022003 54896.47 54881.00 — 54911.00
A 00090022001-00035019230 54893.51-58201.52 54770.50 — 59840.50

J1504.4+1029 PKS 15024106 133 H 00036388029 58117.16 58117.00 — 58122.00 58104.78 — 58130.53
L 00036388019 55965.55 55940.00 — 55990.00
A 00035468005-00093162013 55695.87-58139.49 54770.50 — 59840.50

J1512.8-0906 PKS 1510-089 293 H 00031173172 57198.67 57197.00 — 57199.00 57186.30 — 57212.05
L 00031173225 59755.64 59740.00 — 59770.00
A 00031173004-00030797029 54841.99-59788.82 54770.50 — 59840.50

J1635.2 + 3808 4C 38.41 158 H 00036389059 55696.62 55694.00 — 55698.00 55684.24 — 55709.99
L 00036389122 57501.66 57486.00 — 57516.00
A 00036389007-00032958013 54936.12-59710.72 54770.50 — 59840.50

J1833.6-2103 PKS 1830-211 90 H 00038422060 58602.41 58602.00 — 58607.00 58590.03 — 58614.78
L 00081222001 57137.26 57090.00 — 57140.00
A 00038422002-00038422084 55462.01-59715.56 54770.50 — 59840.50

J2232.6+1143 CTA 102 146 H 00033509115 57759.73 57757.00 — 57762.00 57747.35 — 57772.10
L 00036401005 55164.32 55134.00 — 55194.00
A 00090097001-00033509135 55054.99-58317.54 54770.50 — 59840.50

J2253.9+1609 3C 454.3 485 H 00035030134 55518.44 55518.00 — 55519.00 55506.07 — 55530.82
L 00096562011 59743.53 59728.00 — 59758.00
A 00031216062-00096562016 54740.37-59748.84 54770.50 — 59840.50

Note. a. The number of Swift Observation IDs. b. The activity states of the sample observations are as follows: “H” represents the high state; “L” represents the low
state; and “A” represents the average state; c. Swift Observation IDs in different activity states. d. Time extraction for Swift-XRT and Swift-UVOT. e. Time extraction

for Fermi-LAT. f. Time extraction for Fermi-LAT with time binning of 6 hr.

Fermi Science Support Center.® The events classified as
evclass =128 and evtype =3 within a circular region of
interest (ROI) of 10° centered on the ~-ray positions of
the targets are subject to analysis using the Fermi Science
Tools (version 2.0.8) with the PSR3_SOURCE_V3 instrument
response function. As suggested by the Fermi-LAT team,
we apply the quality cuts, (DATA_QUAL == 1)&&
(LAT_CONFIG ==1), and also implement a zenith angle
cut at 90° to eliminate events originating from the Earth’s limb.
The good time intervals were selected using the grmktime task.
Then a count map of the ROI was generated using the gtbin
task, while the exposure map was created with the help of both
the gtltcube and gtexpmap tasks. The Galactic diffuse emission
component, as well as the isotropic background templates,’
were utilized with PSR3_SOURCE_V3 and iso_PSR3_SOUR-
CE_V3_vl.txt, respectively. The XML files were generated
using the user-contributed tool make4FGLxml.py. The diffuse

& hups: //fermi.gsfc.nasa.gov/
° https: / /fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

source responses were generated using the gtdiffrsp tool, and
the flux was obtained by executing the gtlike task. The gtlike
tool was employed to estimate the ~-ray flux and the photon
index of the sources. The significance of the v-ray detection
was quantified using the maximum likelihood TS =
2Alog(L), where L represents the ratio of likelihood values
for models with and without a «-ray point source (Mattox et al.
1996; Atwood et al. 2009). The ~v-ray light curves were
calculated using the standard unbinned likelihood data
reduction procedure as described in the documentation,'® along
with the corresponding quality cuts provided therein. The y-ray
photon indices and normalized parameters are allowed to vary
freely during the model fitting for sources located within a 10°
radius from the center of the ROI. For sources located outside a
10° radius from the center of the ROI, their parameters are
held constant at the values provided in 4FGL-DR3. The
normalization of the diffuse background components remains
free throughout the model-fitting process. Furthermore, we

10 http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis /documentation /
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computed the y-ray photon spectra of Fermi-LAT sources using
Fermitools (v11r5p3) and the open-source Python package
Fermipy (Wood et al. 2017). We utilized the appropriate
instrument response function PS8R3_SOURCE_V3, the
galactic interstellar emission model gll_iem_v07 (i.e.,
“gll_iem_v07. fits”), and a newly introduced isotropic spectral
template “iso_P8R3_SOURCE_V3_vl.txt” (Abdollahi et al.
2020). During the data processing, we also utilized the
easyFermi community tool,'" an open-source graphical inter-
face built upon Fermitools and Fermipy, to efficiently generate
~-ray photon spectra and light curves for the samples (de
Menezes 2022). For easyFermi data processing of energy
spectra and the light curve, we selected LAT 0.1-300 GeV Pass
8 events recommended by the Fermi-LAT collaboration from a
circular ROI with an angular radius of less than 15°. During the
XML model-fitting process, which encompassed power-law,
log-parabola, and power-law with an exponential cutoff
spectral models, for sources located within a 5° radius from
the center of the ROI, we allowed for variations in the v-ray
photon index and normalization parameters. When generating
~-ray photon spectra using easyFermi tools, we utilized the
default settings: a minimum significance of 4.0 and a minimum
separation of 075 within the ROI for finding extra sources.
Additionally, we divided the energy range from 0.1 to 300 GeV
into 10 logarithmically equal energy bins. Data points with TS
values less than 10 were considered as 95% confidence upper
limits.

3.2. Swift Observations

The Neil Gehrels Swift Observatory, a space-based obser-
vatory, is equipped with three main instruments: the Ultraviolet
and Optical Telescope (UVOT; Roming et al. 2005), the X-ray
Telescope (XRT; Burrows et al. 2005), which operates in the
0.3-10keV band, and the Burst Alert Telescope (Barthelmy
et al. 2005), sensitive to the 15-150 keV band. Swift is an ideal
satellite for simultaneous/quasi-simultaneous observations of
blazars in the X-ray, optical, and UV bands. The XRT data
were acquired in both photon counting (PC) mode and
windowed timing (WT) mode, with individual exposures
ranging from 0.22 to 14.35 ks, resulting in a total exposure
time of approximately 0.76 Ms. We retrieved data from 2008
October to 2022 October from the HEASARC website.'? For
data analysis at level I, we followed the standard threads
outlined in the Swift-XRT analysis documentation.'> We
processed all Swift data using HEASoft 6.26.1. The xrtpipeline
task was executed, selecting a circular source region with a
radius of approximately 19 pixels (45”) and an annular
background region with an inner radius of approximately 43
pixels (100”) and an outer radius of approximately 85 pixels
(200”). The light curves and spectra were generated using
xselect with level II data from the the WT and PC modes,
respectively. To enhance the signal-to-noise ratio (S/N) of the
merged X-ray spectrum, the spectra from the samples were
binned using grppha, with a minimum of 20 photons per bin
for WT-mode spectra and a minimum of 10 photons per bin for
PC-mode spectra. In the reduction of the X-ray spectra, the
response matrix files swxwt0to2s6_20131212v015.rmf for the
WT mode and swxpcOtol2s6_20130101v014.rmf for the PC

1 https://github.com/ranieremenezes /easyFermi
12 https:/ /heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3browse.pl
13 https: //www.swift.ac.uk /analysis /xrt/index.php
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mode were employed, and the standard ancillary response files
were generated using xrtmkarf. The individual X-ray spectra
were fitted using XSPEC 12.12.0,"* an X-ray spectral fitting
package, which emPloyed an absorbed and redshifted power-
law (zPL) model 3 (e.g.., F(E)=K,J[E( + DI with
neutral hydrogen column density (Vy), while ignoring channels
with energies below 0.3keV and above 10keV. Galactic
absorption (i.e., within the Milky Way) is included in all of
these spectral models (i.e., thabsxzPL, where thabs represents
the absorption due to the interstellar medium).

Alongside the XRT observations, the source was also observed
using the UVOT instrument in six filters: V (500-600 nm), B
(380-500 nm), U (300400 nm), UVWI (220400 nm), UVM?2
(200-280 nm), and UVW2 (180260 nm), with central frequencies
of V (5.55 x 10" Hz), B (6.93 x 10" Hz), and U (8.56 x 10
Hz) in the optical, and UVWI (1.14 x 10" Hz), UVM2(1.34 x
10" Hz), and UVW2 (1.48 x 10" Hz) in the UV. For each
observation, aperture photometry analysis was conducted using
the standard UVOT software,16 which is included in the
HEASOFT package (v6.26.1). The source counts were
extracted from a circular region with a radius of 5” centered
on the source, while the background counts were obtained from
a source-free region with a radius of 20”. The uvotsource tool
was used to acquire the magnitude, which was then corrected
for reddening and Galactic extinction using the reddening
coefficient E(B — V) obtained from the Infrared Science
Archive."”

3.3. Archival Data

We have been collecting multifrequency flux observations
from each sample since 2008 October, using data from the
SSDC. The SSDC combines flux data across the radio and -
ray (including TeV) bands, from various missions, external
services (e.g., NED, the Sloan Digital Sky Survey, and the
United States Naval Observatory), experiments, as well as
catalogs and archival data. In multiwavelength SED modeling,
we compare historical flux data with quasi-simultaneous data to
refine the fitting.

3.4. Multiwavelength Light Curves and SEDs

Based on the data processing of Swift-UVOT, Swift-XRT,
and Fermi-LAT mentioned above, 12 sample sources can be
processed uniformly within a specific period to obtain their
quasi-simultaneous observations in the optical-UV, X-ray, and
~-ray bands. Given that the long-term multiwavelength light
curve of the source is instrumental in enabling us to assess and
analyze flares (or outbursts, also referred to as flux surges) as
well as the quiescent state of the source during various time
intervals, we processed the 14 yr ~-ray light curve of each
source within the sample, corresponding to their respective
Swift observation IDs. We categorized each source into high
states (i.e., outbursts), low states (i.e., quiescence), and average
states using the following methods.

1. We designate the time interval during which the
outburst with the most rapid rise in flux occurs in the
X-ray light curve as the primary criterion for

14 https: / /heasarc.gsfc.nasa.gov/xanadu/xspec/

15 https: / /heasarc.gsfc.nasa.gov/xanadu/xspec/manual / XspecManual.html
16 https: //www.swift.ac.uk /analysis/uvot/index.php

17 https://irsa.ipac.caltech.edu/applications/DUST/
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delineating the high-state (H) period. If there is no
corresponding outburst in the 7-ray light curve during
the X-ray outburst interval, we consider the X-ray
outburst to be associated with a period of the ~-ray
outburst (with the fastest rising flux). This ensures the
concomitant occurrence of outbursts in both X-rays and
v-rays within the same H period.

2. We initially identify the period characterized by the
lowest flux in the X-ray light curve as the low-state (L)
interval. If this period coincides with an outburst in the ~-
ray light curve, we designate the period with the lowest
flux in the ~-ray light curve to represent the L for X-rays.
This ensures that both X-ray and ~-ray fluxes remain
relatively stable and low during the L period. During the
L period, due to the diminished flux of y-ray photons, the
number of photons collected within a few days is not
optimal. Consequently, we consider a longer period,
spanning from one month before to one month after, for
generating -ray spectra in such scenarios.

3. We use Fermitools and Fermipy, respectively, to
calculate the average 7-ray spectrum from 14 yr of
Fermi data for each source in the energy range of
100 MeV to 1 TeV, with each spectrum divided into 10
energy bins. Moreover, xselect and ximage, components
of the HEASOFT software, are employed to combine
the observational events and images from all Swift
observation IDs for each source, followed by the use of
xrtmkarf to generate the response file. Finally, we
utilize grppha to derive the average X-ray spectrum.
The Cash statistical (Cash 1979) method was employed
for the analysis of ungrouped data, as the count
numbers were relatively low for some observations.
Nevertheless, for observations with a high count rate, a
cross-check was conducted by rebinning the data to
have at least 10 counts per bin, followed by fitting using
the x* minimization technique. Additionally, in accor-
dance with the UVOT data analysis threads,'® we
employ the wuvotimsum tool to merge different images
collected for the same filter and the same Swift
observation ID, before running wuvotsource. Subse-
quently, the UVOT images summed for each of the six
filters for each source are processed and subjected to
reddening correction to yield averaged UV—optical data.
We combine these averaged ~-ray, X-ray, UV, and
optical data sets as our average-state (A) period.

In the process of handling multiwavelength quasi-simulta-
neous data, due to the absence of radio and infrared data during
various activity phases, we incorporate historical data provided
by the SSDC to constrain the low-energy portion of the SED.
For each source in the SSDC data set, we process it by taking
the arithmetic mean of multiple fluxes at the same frequency to
obtain low-energy A data; we use the maximum flux among
multiple fluxes at the same frequency for the low-energy H
data; and we select the minimum flux among multiple fluxes at
the same frequency for the low-energy L data. In addition, for
the H and L data, we employed easyFermi with the default
energy range of 100 MeV to 300 GeV for photon events to
generate their ~-ray photon spectra. We conducted multi-
wavelength quasi-simultaneous data for each source within the
sample across various activity states. The corresponding results

18 https: //www.swift.ac.uk/analysis /uvot/image.php
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of this data processing are presented in Tables 1-2 and Figure 1
(See Figures A1-A12 in the Appendix for the results of all
samples).

When processing the 14 yr ~-ray light curves from Fermi-
LAT, we adopted a 30 days binning interval for -ray flux.
Furthermore, during periods of high activity, we can constrain
the parameters of the radiation region by analyzing the outburst
profiles to determine the variability timescale of the sources.
Consequently, we analyzed the light curves of sample sources
within a 6 hr interval, and the processing results are shown in
the top panel of Figure 1(a) and Table 1. As indicated in
Table 1, we used the easyFermi tool to generate y-ray light
curves with 6 hr time bins before and after extracting the H
states for each source. To quantitatively determine the rise and
decay timescales of flux variations, we employ the following
double exponential functional form to fit the time profiles of -
ray flares during high-activity states (Zheng et al. 2013, 2014;
Gasparyan et al. 2018):

F) = F + Fy x [e('i"k)z + e(’rffk)z], )

where F_ is the quiescent flux, f,c denotes the time of the flare
peak (Fp), and t, and ?#4 are the rise and decay times,
respectively. Each light curve within the sample was fitted
using the nonlinear optimization Python package Imfir."” The
results of the fitting are shown in Table 3.

4. Results

Figure 1(a) (see also Appendix Figures A1-A12) displays
the multiwavelength light curves of the sample spanning from
2008 to 2022, covering the ~-ray, X-ray, UV, and optical
bands. In the first panel, the data were extracted from Fermi-
LAT (30 days binning). An enlarged view in the top panel
denotes the ~-ray light curve at a 6 hr binning at the H state.
The second panel displays the ~-ray photon index. The third
panel displays data obtained from Swift-XRT, while the fourth
panel presents the X-ray photon index in the 0.3-10.0 keV
range. The fifth and sixth panels exhibit data from Swift-
UVOT, including flux measurements in the V, B, and U filters,
as well as the UVWI, UVM2, and UVW2 filters. The purple and
gray shaded areas represent H and L activity states,
respectively.

Figure 1(b) (see also Appendix Figures A1-A12) displays
the fitting results of the LP model algorithm under different
activity states. Building upon Zhou et al. (2021), we introduced
MCMC techniques (based on the emcee” software package, as
described in Foreman-Mackey et al. 2013) to fit multi-
wavelength observations across various activity states, obtain-
ing phenomenology-related spectral parameters: the energy
spectral curvature (), the peak frequency (v), the peak
luminosity (L), and the Compton dominance parameter (Ac).
To prevent anomalous fitting of low-energy peaks resulting
from the lack of simultaneous radio data, we employed flux
values in the 1.4-5 GHz range from SSDC to constrain the
fitting when using the LP model. The corresponding results are
shown in Table 4.

' hitps://Imfit.github.io/Imfit-py/
20 https://github.com/dfm/emcee
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Table 2
Summary of Fitted Results of the X-Ray Spectra by zPL (tbabsxzpowerlw) and the 7-Ray Spectra in Our Sample

4FGL Name Source Name State XRay rRay
log I K, (107  C-stat.  dof logF, K, (1079 P1 P2 TS Type
()] (@) 3) C)) ) (6) @) ®) ) 10) an 12) 13) 14
J0210.7 — 5101 PKS 0208-512 H —11.364311 1215397 3.4910% 15.39 22 —9.737317 7.0250:8 2.005019 0.0770% 831.39 LP
L —12.017938 1.1859%7 0.53+028 473 7 —11.30%347 0.2475% 2.33+008 0.1175% 459.98 LP
A —12.035091 1617003 1.59790%3 30.03 11 —10.97143 0.6810:01 2195901 0.09931 51998.01 LP
J1048.4 + 7143 S5 1044-+71 H —12.237317 1675042 1017534 10.27 9 —10.057317 136502 2.00%347 0.13+12 168.89 LP
L —1234403%  1.10505 021792 5.91 5 —10.875917 0257098 2.115048 0.1159% 276.48 LP
A —12.1573% 1.4275% 0.99t8,8§ 11.51 5 - 10.90:‘}_{; 029739 2.193‘},8{ 0.08+3:90 59511.06 LP
J1159.5 4 2914 Ton 599 H —11.67+11 197751 3.85°04 5.77 10 —9.797%17 407725 1587037 0.13+3:% 191.36 LP
L —12.1759%8  1.5650% 0.52+013 13.4 12 —10.907917 0.547508 2.12191¢ 0.257512 178.66 LP
A —11.98+301 1.62599! 1387002 51.48 13 —10.724013 0.71559! 2.05+0:01 0.06559! 81452.16 LP
J1224.9 4 2122 4C 21.35 H —11.79+341 1434041 1.05°912 12.18 10 —9.22%0:17 40.0671% 193705 0.1175% 7051.88 LP
L —12.02493¢ 17258 083107 7.77 11 ~10.81%917 0.92+01] 255591 —0.041006 252.24 LP
A —11.86+091 1.627991 130991 180.95 11 —10.94+9% 1467991 2.28+001 0.043% 66214.11 LP
J1229.0 + 0202 3C 273 H —10.30%9, 8§ 1514093 30. o9+8 ;g 43.64 10 —10.00%Y {3 13.52+179 2227921 0.19°943 278.04 LP
L —10.62517 1.4975:17 11.66118 9.04 9 —10.687317 2987537 2.827013 0.147043 188.74 LP
A —10.59+3:59 1.41t8_8} 13.96709% 914.66 29 - 11.08t8§§ 2917093 262799 0.087531 27368.62 LP
J1256.1 — 0547 3C 279 H —11.38%92 1.343038 3.46111¢ 0.34 4 —9.854017 7.935073 2.1215% 0.1390¢ 631.75 LP
L —12.33%93 1.5279% 0417313 2.11 4 —10.07+47 4997939 2.1155% 0.073% 3161.13 LP
A —12.124301 1.525591 0.7293! 78.69 18 —10.471043 3.035091 2.1940:00 0.0753:99 264559.67 LP
J1504.4 + 1029  PKS 15024106 H —12.13+34 1587013 1.89+03¢ 10.37 9 —10.33%017 2.067933 2.097013 0.28 514 181.79 LP
L —12.757318 1.53t8_§§ 0.39701¢ 3.94 4 - 10,98t8_}3 0.347053 2284018 01751 116.21 LP
A —12.401592 1487502 0.8610:93 20.95 8 —10.672513 1.05591 2.135991 0.087599 87509.38 LP
J1512.8 — 0906 PKS 1510-089 H —11.15%338  1.3470% 2.64705¢ 12.84 12 —9.937%17 2,032 2.5079%8 0.1 1t8,83 1310.47 LP
L —11.76*31¢ 1727912 1397918 14.02 14 —10.99+9:17 0.117993 1647933 0207918 83.30 LP
A —11.52+00 1.267591 114559 76.91 20 —10.617913 0.93+3:90 2.3679% 0.04753% 195190.75 LP
J1635.2 + 3808 4C 38.41 H —1 1.19t848§ 1.2479% 765158 23.78 10 —9.96%) {3 1147913 2.407013 0.217519 331.69 LP
L —12.0870% 1757931 2,564 4.46 8 —10.99%17 0.073% 211793 0277939 9251 LP
A —11.80+0% 1.44t8_8} 3.32°007 29.81 8 - 10.83t8_}§ 0.79759! 2.33+001 0.12559! 80431.68 LP
J1833.6 — 2103 PKS 1830-211 H — 11115 0.727911 2.68°071 21.78 13 —9.105347 19.9179:88 2.341004 0.1319:63 4890.79 LP
L —11.2650%  0.67509 177533 15.03 13 —10.807917 0.2875%3 2497008 —0.03500% 211.54 LP
A —11.21*%91 0.73+391 2.33+59¢ 590.4 15 —10.374043 1477591 241999 0.1073% 107265.52 LP
J2232.6 4 1143 CTA 102 H —10.779%3 113509 11.55%9%¢ 16.2 8 —8.557%17 97.4012116 151703 0.18+0:9¢ 619.45 LP
L —12.04%9 }} 1374013 0.99+51¢ 8.93 8 —11.105917 0.37431 1.9003% 0.22+518 51.07 LP
A —11.394301 1334001 4.355004 79.87 14 —10.357313 2.4175% —2.0950:01 0.67 260062.34  PLEC
J2253.9 + 1609 3C 454.3 H —10.2210: 8§ 1421593 65.92723! 2.39 13 —8.41%017 345917849 —1.9275%2 0.52 9853.65 PLEC
L —11.66731¢  2.017%17 4.6810%3 6.99 10 —10.462517 1.637932 —2.134319 0.52 715.47 PLEC
A - 10.98t8.8,‘ 1 ,35t88% 9.7570% 691.5 75 —10.327913 36.88703% —2.045001 0.51 66631244  PLEC

Note. Here, “C-stat.,” “T'y,” and “K,” denote the values of the Cash statistics, the photon index of the X-ray, and the normalization factor in the zPL fits, respectively. The fitting parameters and goodness evaluations were
obtained from xspec 12.10.1, (https://heasarc.gsfc.nasa.gov/xanadu/xspec/) an X-ray spectrum fitting program. “dof” are the degrees of freedom. “log £ denotes the flux in 0.3—10 keV in units of erg em sl
“log F,,” “K.,” “P1,” “P2,” and “TS” represent, respectively, the 7-ray flux in the 0.1-300 GeV energy range in units of erg cm 25", the normalization factor of the XML spectral model, the characteristic parameter 1
of the XML spectral model (« in logParabola(LP) or index1 in PLSuperExpCutoff2(PLEC)), the characteristic parameter 2 of the XML spectral model (3 in LP or index2 in PLEC), and the TS value from the likelihood

analysis (https://fermi.gsfc.nasa.gov/ssc/data/p6v11/analysis/scitools/source_models.html). “Type” denotes the spectral models of the Fermi-LAT sources available for use in grlike.
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Figure 1. Example (J1224.9+2122) of the multiwavelength light curves and SEDs. (a) Multiwavelength light curves covering y-ray, X-ray, UV, and optical bands
from 2008 to 2022 with corresponding epochs. (b) The outcomes of fitting multiwavelength SEDs using the LP model in various activity states. (c) Modeling
multiwavelength SEDs in various active states using the leptonic model of SSC+EC with an LP spectral shape.
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Table 3
Jet Radiation Zone Parameters
4FGL Name Source Name Fo/(107%  F./(107% State  fyr  10g8est > 10g Sstmin)  log Ri.q logBl, log %km

1 tq
(6] @ 3 “ ®

©6) m® (C)] 10) an 12

10210.7-5101 PKS 0208-512 0497022  04793¢  0.1050:04

J1048.447143 S51044+71 0331038 0797031 0457083
J1159.542914 Ton 599 0.637317  0.647317 1084148
J1224.9 42122 4C 21.35 098192 0.997387  0.1070%
J1229.0-+0202 3C 273 0354012 0347312 0.02539!
J1256.1 — 0547 3C 279 0.56:08  0.6%057 0335007

J1504.441029  PKS 15024106  0.6150%  0.38*313  0.94758!

J1512.8-0906 PKS 1510-089  0.67%03 0497033 0.017393

J1635.24-3808 4C 38.41 037451 0327312 0.02459!

J1833.6-2103 PKS 1830211  0.847937  0.177098  1.207149

12232.641143 CTA 102 135013 137801 017439

12253.941609 3C 4543 144302 123414 0424092

0.20%553

0467313

1747018

0.055561

0.0215;

+0.08
0.2075,08

0471512

0.021598

0.01%

1.887

0.38*03

H 028 1.41 (1.15) 1596  —0.59 2.58
L 1 1.09 1620  —0.08 2.48
A 1.31 1642 040 2.50
H 055 1.42 (0.69) 1625  —0.68 2.64
L 1 1.39 1647 083 2.68
A 1.24 1632 —0.56 2.64
H 045 1.59 (0.87) 1642  —1.04 2.75
L 1 1.29 1647  —0.42 2.59
A 1.28 1645 058 2.70
H 069 1.13 (0.93) 1623 —0.28 2.76
L 1 0.91 16.17 0.43 2.52
A 0.99 16.25 0.15 2.60
H 023 1.04 (0.65) 15.75 0.22 2.48
L 1 0.96 1631 —0.18 2.51
A 0.75 16.10 0.37 2.45
H 041 1.35 (0.96) 1619  —0.19 2.34
L 1 1.31 1654  —0.39 2.32
A 1.37 16.60  —0.30 2.35
H 027 1.71 (0.90) 1610  —0.63 2.45
L 1 1.41 1638  —0.01 2.28
A 1.45 1641  —0.51 2.56
H 117 1.06 (0.80) 1641  —0.57 2.72
L 1 1.35 1663  —1.13 2.83
A 1.02 1630  —0.40 2.61
o.00 H 022 1.36 (1.22) 15.67 —0.18 2.48
L 1 1.48 1645  —0.61 2.58
A 1.39 1635  —0.41 2.50
o3 H 012 1.55 (1.19) 1550  —0.06 2.40
L 1 1.11 15.98 0.08 2.35
A 1.32 1619  —0.20 2.49
O H 095 1.47 (0.98) 1655  —1.36 2.83
L 1 1.33 1643 —0.90 2.58
A 1.20 1630  —0.77 2.66
H 085 1.31 (1.00) 1638  —0.59 2.62
L 1 1.42 1656  —0.15 2.40
A 1.30 1644  —0.24 2.49

Note. Columns (3)—(6): parameters for the double exponential functional form for fitting the temporal profiles of y-ray outbursts using Equation (1). The units for the
time and flux parameters are days and photon cm 2 s~ ', respectively. Column (8): the light variability timescale. Column (9): the initially estimated values for the jet
radiation region of log écs and its corresponding lower limit values, 10g 8egt. min- Columns (10)—(12): the initial estimated values for the jet radiation region of log Rgm,

!

log B, and log Vikests

respectively.

4.1. Constraining the Parameters of the Jet Radiation Region

We aim to establish a self-consistent connection between
observational parameters related to phenomenology, derived
from data analysis, and radiation region parameters associated
with physical models. Similar to the derivation approach in
Zhou et al. (2021), within the framework of the lepton model,
we introduce external radiation field components and derive
from the perspective of the electron energy distribution (EED)
in the radiation region. We consider a homogeneous spherical
radiating region with a radius of R, containing ultrarelativistic
electrons, where a uniform and randomly oriented magnetic
field strength B’ exists (Ghisellini & Maraschi 1989; Ghisellini
et al. 2010; Zhang et al. 2012; Kang et al. 2014, 2016, 2021;
Chen 2017; Zheng et al. 2019). In the context of stochastic
acceleration with mono-energetic and instantaneous injection,
the EED is characterized by the LP distribution, expressed in

the form (Massaro et al. 2006; Paggi et al. 2009, 2011; Zheng
et al. 2018b; Tan et al. 2020; Zhou et al. 2021)
/ "}// —s—rlog (;—b)
N@®') = No| — , ()
Yo

where s denotes the electron spectrum index, r denotes the
electron spectrum curvature, N, denotes the normalization
constant in units of cm73, 76 represents the initial electron
Lorentz factor, which relates to the peak Lorentz factor 7;)1(

through the equation y, = ’y; 1067272 "and ~/ is the electron
Lorentz factor. Throughout the article, quantities represented

with a prime are calculated in the comoving coordinate system.
Based on Zhou et al. (2021) and Chen & Bai (2011), in the
Thomson scenario, we have obtained the following analytical
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Table 4
(Continued)

4FGL Source b4 Nu  Eyma Laisk State B 3 ?EC I¢] skc log v}y log V?EC log v Ekc log L 3" log Ll§ksc log Lrlic Ac X, fyn Xase  Xic
Name Name 10 GeV 10%
(€Y} 2 ©) ) 5) 6) @) ®) (C) (10 (11 (12) (13) (14) (15) (16) a7 as a9 2o

A 0205000 0247380 031739 1245t 1934508 22.8470% 46287090 46821000 47617013 2147 147 000  0.04
12253.9 3C 4543 086 007  18.20 46.35 H 0305090 0227980 0547390 1237798 19331080 23.02%0% 4726100 47.7270%3 49367917 12690 226  0.03  0.06

+1609 (46.21)
L 0265001 0205090 0265091 12575078 18.557093 22791080 4718002 45927518 47117517 0.85 157 021 0.8
A 0265001 0245500 0375090 12558087 19.40100 2274708 47327002 47.100000  47.751083 2.69 278 0.8  0.07

Note. Columns (1) and (2): the 4FGL name corresponding to the identified/associated source name, respectively. Column (3): the redshift of the sources. Column (4): the hydrogen column density. Column (5): the
maximum photon energy of the y-ray. Column (6): the accretion disk luminosity, with the values enclosed in parentheses indicating the disk luminosity values derived from the disk spectrum model. Column (7): the state
of the sample (with “H” indicating the “high state,” “L” indicating the “low state,” and “A” indicating the “average state””). Columns (8)—(10): the curvature of the Syn, SSC, and EC bumps, respectively. Columns (11)—
(13): the peak frequency of the Syn, SSC, and EC bumps, respectively. Columns (14)—(16): the peak luminosity of the Syn, SSC, and EC bumps, respectively. Column (17): the Compton dominance parameter. Columns
(18)~(20): the reduced x? values for the LP modeling of the energy spectrum of the Syn, SSC, and EC, respectively. The uncertainties of the parameters are calculated using the error transfer formula of Feigelson &

Babu (2012).
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expressions through an approximate method:

Rl ey = Cluarest/(1 + 2), 3)

Vikest = 866 x 10°(1 + 2! 28w B2 (4)

Bl, = 0.13 x 1071/5ﬁsy“5estl/;yk[j13l/ext,15(Vpk,z3)7l7 5)
6e§t = 3275 % (1 + Z)1/4(101/20[3Synﬁ71/16)

Xttt BAL Pt L OVAHLE)E, ©6)

where 1y, denotes the observed variability timescale; Bgn
represents the energy spectral curvature of the Syn bump; L "

and LSSC denote the peak luminosities of Syn and the SSC
energy spectrum, respectively, measured in ergs '; Ac is the
dominant parameter of Compton in the EC radiation field;
and u.,, denotes the energy density of the external radiation
field, expressed in ergcm . ue can be calculated as
Uexe = 036 X 107205 15 (U2 (L))~ l(Vpk 23) ALpicss), Where

Vi is the peak frequency of Syn in Hz, 1/ C denotes the peak

frequency of the EC spectrum in Hz, LEC denotes the peak
luminosity of the EC spectrum in ergs™ ', vy is the modified
dominant frequency of external radiation from BLR
@2 ~ 2 x 10'5Hz) and/or DT 2F ~ 2 x 10'3 Hz) in the
jet, and 14y = VO + v,

Due to variations in variability timescales across different
activity states, we employ Equation (1) to fit the y-ray outburst
profiles during the H state, subsequently estimating the
variability timescale using f,, =1In2 X 73 (see, e.g.,
Paliya 2015; Gasparyan et al. 2018). During the L and A
states, we simplify the given variability timescales using
tyar = 1 day in the source coordinate system (Ulrich et al. 1997;
Nalewajko 2013; Kang et al. 2014). Additionally, based on the
~7 attenuation argument, we can numerically estimate the
lower limit of the Doppler factor during the H state as follows
(Dondi & Ghisellini 1995; Finke et al. 2008; Paliya 2015; Ding
et al. 2019; Geng et al. 2022):

1/6
1 + 2)%0rd}
6esl,min ~ (@ﬁv Eﬂ/,max) 5

4m, oy

@)

where d; represents the luminosity distance to the source with a

redshift z and o is the Thomson cross section. During the flare,

the energy of the highest-energy photon is E, ., and the
contemporaneous X-ray flux is f, .

The estimation results of the _]et radiation region parameters
under various activity states are presented in Table 3 and
Figure 2. The histogram distributions of the parameters 10g Oy,
logRb o> l0g BL,, and log 7; lost AT€ displayed in Figure 2
Within the sample, based on 1o Gaussian fits, the estimated
Doppler factors (log ) for the H state, the L state, the A state,
and the overall state are 1.397048, 1.327019, 1.2970%, and
1.32%912 respectively. Similarly, the estimated magnetic field
strengths (log BY,) in the H state, the L state, the A state, and
the overall state are denoted as —0.58%037, —0.287039,
—0.40703), and —0.407037, respectively. The estimated radii
of the jet emission regions (log Rb/,est) in the H state, the L state,
the A state, and the overall state within our sample are
represented as 16.217039, 16.4470:11 16341011 and 16. 34+8-;2,

respectively. The estimated peak Lorentz factors log ypk st Of
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the total nonthermal electrons in the H state, the L state, the A
state, and the overall state are denoted as 2.60701S, 2.527519,
2.53%042, and 2.547013, respectively. These values closely
match the estimated range for FSRQs provided by Ghisellini
et al. (1998 2010) and Ghisellini & Tavecchio (2015):

0<logB'<1Gs, 1 <logé < 1.18, 1<10g7k 6, and

16 cm < log Ry < 17 cm.

4.2. Modeling the Overall SEDs in Different Activity States

As long as we provide the EED within the blob in the
comoving coordinate system of the jet, we can calculate the
various radiation components of the jet, encompassing Syn,
SSC, and EC (Yan et al. 2012; Kang et al. 2014; Zheng et al.
2019).

Assuming an isotropic distribution of electrons described by
Equation (2), the theoretical Syn spectrum can be calculated as
follows:

54\/§e3B’Véf’

VFSY" =
4rhd}

f ™ N/(Y)R@)d',

7 min

(®)

where e represents the electron charge, B’ is the magnetic field
strength, and V. = 47R/.’/3 denotes the volume of the
emission blob. Additionally, h denotes the Planck constant.
In this context, m.c%¢’ = hv(1 + z)/6 is the Syn photon
energy in the comoving frame, where m. is the rest mass of the
electron and c is the speed of light. The coefficient for
synchrotron self-absorption is expressed as (Rybicki &
Lightman 1979)

2B (e N (v
ker=— \/—632 2f R@)|~ (/Z) '
8w(m2c3)2e? Jy ’Y g
©
In Equations (8) and (9), R(x) = (x/2) f " d6 sin 6 f > , diKs3(),

where x = 4mwe’'m?c3/3eB'hy'?, 0 is the angle between the
magnetic field and the velocity of high-energy electrons, and
Ks/3(7) is a modified Bessel function of the second kind of
order 5/3.

The theoretical SSC/EC spectrum is given by

4 12
VFVSSC/EC _ 3CUT5 En,/ foo de'! syn/ext(f ) f max
167wd? 70 €’? Ymin
!
X v’ ;”)F( T, (10)

where E/mec2 =1+ z)hu/é is the IC scattering photon

energy and ug, = 3dEvFs" / (cR,§254 ") is the energy density
of the Syn photons i 1n units of erg cm > (Yan et al. 2012; Zheng
et al. 2019, 2020). ul, ~ (1762/12) ey represents the energy
density of the external photon field, measured in units of
erg cm 3. In the EC case, we assume that the seed photons
predominantly originate from the BLR and the DT. For the
dissipation region within the BLR, the seed photon energy
density is given by UBLR = TBLRf;)(TBLR)Ldisk/(47Tcr]§LR)s
where g1 r ~ 0.1 represents the fraction of the disk luminosity,
Lagisk, that is re-emitted by the broad lines. Here, f;, is the Planck
function for blackbody radiation and rgyr is the typical size of
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Figure 2. Distribution of estimated values for the parameters of the jet radiation region 10g Ges, 10g Ry, o> l0g B, and logy

the BLR (Inoue & Takahara 1996; Dermer & Schlickeiser 2002;
Ghisellini & Tavecchio 2008, 2009; Sikora et al. 2009; Potter
& Cotter 2013; Kang et al. 2014). In the case where the
dissipation region is outside the BLR, the seed photons from
the BLR decrease quickly and the main contribution comes
from the DT. Similar to wugig, Wwe have upr =
o1/, (ToT) Laisk / (47rcr]%T), where Tpr ~ 0.5 and rpr represents
the typical size of the DT. The external radiation field is
characterized by an isotropic blackbody with a temperature of
TBLR/DT:hI/p/(3.93kB), where v, represents the maximum
frequency of the seed photons in the v — vF,, space. In the case
of the BLR, this is expressed as VELR =2 x 10'3§ Hz, while

in the case of the DT, it is expressed as Z/l]))T =3 x 103 Hz
(Cleary et al. 2007; Ghisellini & Tavecchio 2008; Kang et al.
2014, 2016, 2021).

Hence, the observed spectrum for the total emissions can be
expressed as

v

WF™ + VFSC + VS 4 pR)T) x gm0,

(11)

where 7..(v, z) is the absorption optical depth due to the
interaction of VHE ~-ray photons with the photons from the
extragalactic background light (Franceschini et al. 2008;
Franceschini & Rodighiero 2017; Zheng et al. 2019).
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We compared the Swift-UVOT data with archival data and
found a thermal radiation bump in the UV to optical bands. For
this portion of the data, we consider adopting the approach
proposed by Zheng & Yang (2016), which involves calculating
the radiation spectrum originating from the accretion disk for
interpretation. A simple Shakura—Sunyaev disk spectrum can
be calculated as follows:

4/3
eLa(e) = 1.12Ld(L) exp(—
€max

where € is the photon energy that is emitted by the accretion
disk. While the value of ey,x depends on the spin of the black
hole and relative Eddington luminosity, we set a typical
characteristic temperature of the UV bump in Seyfert galaxies
with €pnax ~ 10 eV. The values for the accretion disk
luminosity (L4) that are listed in Table 4 were obtained from
the following literature: Ghisellini et al. 2010, Zhang et al.
2015, and Paliya et al. 2021.

The parameters of the jet radiation region, as estimated in
Section 4.1, serve as the initial values for modeling the
theoretical photon spectrum. This enables us to reproduce the
multiwavelength SED under different active states, utilizing
Equations (8) to (12). There are 12 parameters in our SED
modeling: Rﬁ, B, 6, fy;k, ’y;nm s fy:nax LS, 1, Né, rBLR» 'DT> and Lg.
To reduce the degrees of freedom for the parameters and
effectively achieve optimized results, we imposed the

12)

€max



THE ASTROPHYSICAL JOURNAL, 962:22 (28pp), 2024 February 10 Zhou et al.
Table 5
The Parameters of Model Spectra
4FGL Name Source Name State s r N log log § log R}, log B/ TBLR pT x*/dof ul/ug
@ (@) (©) “ () ©) Q) ® )] (10) 1) 12) 13) (14)
J0210.7-5101 PKS 0208 — 512 H 2.93 1.65 0.01 3.08 0.97 16.93 —0.40 0.11 2.65 0.12/44 5.46
L 2.36 1.20 0.03 2.56 0.91 17.01 0.08 0.14/25 0.13
A 2.23 1.21 0.02 2.60 0.97 17.04 —0.15 0.07/40 0.37
J1048.4+7143 S51044 + 71 H 3.16 1.50 0.01 3.03 1.13 16.41 —0.05 0.04 0.94 0.06/27 1.45
L 2.56 1.49 0.01 2.86 1.11 16.83 —0.44 0.08/25 2.39
A 2.33 1.31 0.02 271 1.12 16.89 —0.55 0.07/28 4.95
J1159.5+2914 Ton 599 H 2.93 1.50 0.01 2.81 1.06 16.83 —0.14 0.07 1.71 0.25/29 0.67
L 2.60 1.54 0.02 2.65 1.00 16.87 0.07 0.09/30 0.11
A 2.33 1.25 0.01 2.76 1.00 17.01 —0.34 0.06/28 0.87
J1224.942122 4C21.35 H 2.78 1.50 0.01 3.21 0.86 16.33 0.30 0.12 3.08 0.07/32 0.50
L 2.26 1.10 0.03 2.63 0.81 16.72 0.26 0.06/31 0.10
A 2.23 1.01 0.02 2.66 0.83 16.83 0.09 0.04/37 0.18
J1229.0+0202 3C273 H 2.81 1.40 0.01 3.03 0.65 17.01 —0.10 0.15 3.85 0.05/52 1.15
L 2.43 1.04 0.03 2.57 0.77 17.16 —0.27 0.16/51 0.96
A 2.33 1.05 0.01 2.83 0.62 17.05 0.10 0.04/99 0.21
J1256.1-0547 3C 279 H 2.93 1.99 0.01 271 1.20 16.75 0.10 0.04 1.09 0.17/43 0.11
L 2.76 2.31 0.02 2.44 1.25 16.70 0.15 0.25/43 0.04
A 1.99 2.05 0.01 2.35 1.30 16.95 0.14 0.06/115 0.01
J1504.4+1029 PKS 1502 + 106 H 2.68 1.50 0.01 2.61 1.11 17.27 —0.25 0.16 3.96 0.11/29 0.26
L 2.36 1.94 0.03 2.32 1.06 16.98 0.50 0.81/23 0.01
A 2.24 1.01 0.02 2.60 1.02 17.03 —0.15 0.19/35 0.42
J1512.8-0906 PKS 1510 — 089 H 2.78 1.64 0.01 2.82 1.01 16.99 —0.55 0.07 1.81 0.06/31 3.85
L 2.26 1.10 0.03 2.78 0.75 16.78 —0.06 0.09/33 0.81
A 2.56 1.56 0.01 3.00 0.87 16.90 —0.40 0.03/47 2.67
J1635.24+-3808 4C 3841 H 2.28 2.98 0.09 2.67 0.91 17.08 0.02 0.24 5.97 0.09/29 0.54
L 2.56 1.60 0.03 2.69 0.82 16.89 0.40 0.12/28 0.06
A 2.16 1.56 0.02 2.53 0.97 17.27 —0.03 0.15/33 0.13
J1833.6-2103 PKS 1830 — 211 H 2.53 2.02 0.06 2.96 1.22 16.67 —0.24 0.08 2.09 0.20/48 6.23
L 2.46 2.60 0.04 2.95 1.01 16.91 —0.12 0.34/32 1.96
A 0.93 2775 0.03 2.81 1.11 17.21 —0.61 0.18/43 8.48
J2232.6+1143 CTA 102 H 2.23 2.85 0.02 2.83 1.14 17.21 —0.66 0.14 3.41 0.35/39 6.33
L 2.26 1.20 0.03 2.79 0.79 16.86 —0.03 0.05/36 0.71
A 2.23 1.41 0.04 2.94 0.84 16.98 —0.53 0.13/49 16.59
J2253.9+1609 3C 4543 H 3.36 1.55 0.02 2.96 1.12 17.02 —0.36 0.15 3.74 0.06/40 5.77
L 2.36 1.90 0.01 2.49 1.04 17.13 0.34 0.05/35 0.01
A 2.93 1.98 0.01 2.90 0.98 17.05 0.17 0.08/136 0.10

Note. Columns (11) and (12): rg g and rpr, respectively, in units of parsecs (pc). Column (13): reduced Xz values (Feigelson & Babu 2012; Ivezi€ et al. 2014) with

X2 = N%dquiN: (i — ¥)%, where N is the number of observed data points and dof'is the degrees of freedom, i.e., the number of free parameters used for the model;

denotes the expected values from the model and y; denotes the observed data.

following constraints during the SED process: (1) we fixed the
scale of the external radiation field based on the Ly of the
sample, specifically setting rgi g = 10'7(Ly/10%)!/2 cm and
pr = 2.5 x 108(Lyg/10%)/2 cm  (Kaspi et al. 2007;
Ghisellini & Tavecchio 2008; Bentz et al. 2009); (2) the

/ /! . .
parameters vy, . and v~ were consistently assigned values

such that 'yin o = 50 and /y:nax =1 x 108; (3) data points with
energies exceeding 10 GeV were excluded from our analysis due
to their VHE nature; and (4) we optimized the fitting results by
adjusting the initial parameter values of the jet radiation region,
guided by the minimum y? process (Kang et al. 2014; Kang 2017).
Therefore, after imposing the above restrictions, the number of

free parameters in the actual fit is reduced to seven (R,;, B, 6, fy;k,

s, r, and N)), and all of them vary within a local range. The SED
modeling results corresponding to these parameters are presented
in Table 5 and Figure 1(c).

Figure 1(c) (see also Appendix Figures A1-A12) displays
the multiwavelength SEDs reproduced by our one-zone

13

leptonic model, which includes Syn radiation, SSC, and EC
components, under the H, L, and A period. The distribution of
parameters in the jet radiation region under various active states
is presented in Figure 3. The analysis of Figure 3 yields the
following results: (1) during the H state, the radius of the jet
radiation region in the samples is smaller compared to
other active states, and during the L state, the magnetic field
strength is greater compared to other active states; (2) based on
the lo confidence ellipses, we provide reasonable ranges
for the parameters of the emission region in different
active-state  samples as follows: 0.88 < logé < 1.18,
16.5 <logR, < 17.16 cm, —0.48 < logB’ < 0.07 Gs, and
248 < log V;k < 2.81 for the H; 0.78 <logé < 1.09,

16.74 < logR. < 17.08 cm, —0.22 < log B’ < 0.38 Gs, and
231 < logvék < 2.68 for the L; and 0.83 < logé < 1.12,

16.89 < logR, < 17.15 cm, —0.54 < log B’ < 0.13 Gs, and
2.84 < logyi)k < 248 for the A; (3) we have separately
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Figure 3. The parameter distributions and ranges of the jet radiation region are obtained from our modeling of the SEDs in various activity states. The orange dots and
orange curves represent the parameters during the “L”; the blue dots and blue curves represent the parameters during the “H”; and the green dots and the gray curves
represent the parameters during the “A.” The dotted line represents the confidence ellipse of 1o (Kang et al. 2021). The red cross marks the intersection of the 1o
candidate region obtained from Gaussian fits for the parameter (Foreman-Mackey 2016).

calculated the average values of the jet radiation region
parameters obtained from the SED simulations in different
activity states: in the H, (6) ~ 10.76, (logR;) ~ 16.88 cm,
(B'Yy ~ 0.64 Gs, and <logfy;k> ~ 2.65; in the L, (6) ~ 8.78,
(logR}) ~ 16.90 cm, (B’) ~ 1.18 Gs, and (log v}, ) ~ 2.50;
and in the A, (8)~9.31, (logR:) ~17.02 cm,
(B") ~ 0.65 Gs, and (log fy;k) ~ 2.64. In comparison to the
initial estimated values, the relative deviations for different
activity states are as follows: A(logd)y = 0.31, A(logd)L =

0.36, and A(logé), = 0.32 for the Doppler factor;
A(ogB)y = 0.39, A(ogB)L = 0.36, and A(ogB )\ =
0.25 for the jet magnetic field; A(logR.)y = 0.75,

A(logR.)r = 0.44, and A(logR;)s = 0.68 for the jet radia-
tion region radius; and A(log V;pk)H = 0.03, A(log “Yi)k)L = 0.04,
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and A(logv;k)A = 0.11 corresponding to the peak Lorentz
factor of electrons.

It is known that both the particle and field energy
significantly contribute to the overall energy content of jet
plasma. The interplay between these factors is intricately linked
to the mechanisms governing jet formation, particle accelera-
tion, and radiation (Dermer et al. 2014; Zheng et al.
2017, 2018a). As a means to elucidate this relationship, we
introduce the equipartition fraction, denoted as u,/ujp, to
characterize the connection between the particle and magnetic
field energies: u./up = 8my'mec®N(y')dy'/B*. In various
states of activity, we have computed the equipartition fraction
and determined their ranges through 1o Gaussian fits as
follows: 1.15%¢20 for the H; 0.1174:39 for the L; and 0.42+577
for the A. Thus, at the H, energy equipartition is more closely
achieved due to the larger value of Ac in the source.
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5. Summary

We conducted an investigation using quasi-simultaneous
multiwavelength observations for 12 Fermi-4LAC bright
FSRQs obtained through long-term light-curve and spectral
analysis. By establishing a correlation between the observed
parameters and the physical model parameters of the jet
emission region, we effectively constrained the parameter
ranges applicable to these bright FSRQs across different
activity states. Subsequently, we effectively reproduced their
multiwavelength SEDs in various activity states. Additionally,
we quantified the energy equipartition within distinct activity
states. The variations in the parameters of the jet emission
region in different activity states may indicate changes in the
conditions of the emission region. In the H state, we found that
the jet’s emission region has a smaller radius compared to other
activity states, suggesting that it may be closer to the central
engine during high activity. In the L state, the slightly larger
magnetic field could reflect potential magnetic energy conver-
sion mechanisms.

Due to limitations in the number of observed samples and
the complexity of the data processing, our conclusions are more
applicable to bright FSRQs. The task of estimating radiation
region parameters in various activity states with a more
extensive sample is left for future work.
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Appendix

The multiwavelength light curves and SEDs used in this
paper are shown in Figures A1-A12, respectively.
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Figure A3. The multiwavelength light curves and SEDs for J1159.54-2914 (Ton 599). The explanations for each subfigure are the same as in Figure Al.
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multiwavelength light curves and SEDs for J1224.94-2122 (4C 21.35). The explanations for each subfigure are the same as in Figure Al.
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Figure AS. The multiwavelength light curves and SEDs for J1229.0+0202 (3C 273). The explanations for each subfigure are the same as in Figure Al.
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Figure A6. The multiwavelength light curves and SEDs for J1256.1-0547 (3C 279). The explanations for each subfigure are the same as in Figure Al.
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Figure A7. The multiwavelength light curves and SEDs for J1504.4+1029 (PKS 1502+106). The explanations for each subfigure are the same as in Figure Al.
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Figure A8. The multiwavelength light curves and SEDs
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