* universe

Article

Explaining the Multiwavelength Emission of y-ray Bright
Flat-Spectrum Radio Quasar 3C 454.3 in Different

Activity States

Yaru Feng, Shaoming Hu *

check for
updates

Citation: Feng, Y.; Hu, S.; Zhou, R;;
Gao, S. Explaining the
Multiwavelength Emission of y-ray
Bright Flat-Spectrum Radio Quasar
3C 454.3 in Different Activity States.
Universe 2022, 8, 585. https://
doi.org/10.3390/ universe8110585

Received: 22 August 2022
Accepted: 30 September 2022
Published: 4 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ruixin Zhou and Songbo Gao

Shandong Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment, School of Space Science and
Physics, Institute of Space Sciences, Shandong University, Weihai 264209, China
*  Correspondence: husm@sdu.edu.cn

Abstract: The origin of gamma-ray flares of blazars is still an open issue in jet physics. In this work,
we reproduce the multiwavelength spectral energy distribution (SED) of flat-spectrum radio quasars
3C 454.3 under a one-zone leptonic scenario, investigate the variation of the physical parameters in
different activity states, and analyze the possible origin of its y-ray outburst. Based on the analysis
of multiwavelength quasi-simultaneous observations of 3C 454.3 during MJD 55,400-56,000, we
consider that the radiation includes synchrotron (Syn), synchrotron self-Compton (SSC), and external
Compton (EC) radiations by the simulation, and the seed photons of the external Compton component
mainly comes from the broad-line region and dusty molecular torus. The model results show that: (1)
We can well reproduce the multiwavelength quasi-simultaneity SED of 3C 454.3 in various activity
states by using a one-zone Syn+SSC+EC model. (2) By comparing the physical model parameters
of the bright and the quiescent states, we suggest that this y-ray flaring activity is more likely to be
caused by the increase in the doppler factor.
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1. Introduction

Radio-loud active galactic nucleus (AGNSs) are usually assumed to exhibit jets [1,2].
Blazars are the most active objects in AGNs, and they often display extreme observational
properties, such as rapid variability, apparent super-luminal motion, flat or inverted radio
spectrum, high polarization, non-thermal emission, and very small angle between jet and
observation line sight [3—6]. Blazars are usually classified as BL Lacertae (BL Lac) objects or
flat-spectrum radio quasars (FSRQs). The broadband spectral energy distribution (SED)
of blazars has a prominent double-humps structure in log v — log vF, diagram, which is
generally considered to be dominated by non-thermal emissions from jets [7-10]. In the
framework of the leptonic model, it is widely suggested that the low-energy humps in
the radio to soft X-ray bands are generated by synchrotron radiation (Syn) of relativistic
electrons, and the high-energy humps from MeV to TeV energies are usually explained by
inverse Compton (IC) scattering process [11-14]. According to the origin of seed photons,
the inverse Compton process can be divided into synchrotron self-Compton (SSC) process
from the same electron populations inside the jet and external Compton process (EC) from
outside the jet [15,16]. These external photons are generally provided by the accretion
disc[15,17], broad-line region (BLR) [18], and dusty molecular torus (MT) [19]. According to

the peak frequencies of low-energy synchrotron radiation (v;};zk), the blazars can be divided

into high-synchrotron-peaked (HSP; v}s)igk > 10°Hz), intermediate-synchrotron-peaked
(ISP; 10Hz < V;}ézk < 10%Hz), and low-synchrotron peaked (LSP; v:)yn < 10"Hz)

eak

sources [3,14]. The SSC model of jets is widely used to explain the HSP BL Lac objects,
while the FSRQs are usually better explained by the SSC+EC radiation model [20,21].
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The source 3C 454.3 is a well-known 7-ray detected bright FSRQ at redshift z =
0.859 [22], and its central black hole has a mass estimated to be 1.5 x 10° M, [23]. This source
was extensively studied in the multi-band over the last two decades, making it an ideal
object for our multiwavelength study [24,25]. Historically, the source was detected above
100 MeV by EGRET [26] and in the softer y-ray bands by OSSE [27] and COMPTEL [28].
It is worth noting that 3C 454.3 experienced an exceptional bright y-ray flare in 2010 that
propelled its radiation flux over 10~° photoncm 2 s~! (~10® ergs—!) by Fermi-LAT and
making it one of the brightest -ray sources in the all-sky [29]. Researching the multi-
wavelength SED under different activity states is significant for understanding the origin
of y-ray outbursts (e.g., [21,30-36]). Zhang et al. [21] used the synchrotron+synchrotron-
self-Compton model to simulate multiwavelength SEDs in high and low states of GeV-TeV
BL Lac objects for analyzing and constraining jet physical model parameters. Sahakyan &
Giommi [37] conducted a long-term multifrequency study on transient y-ray source NVSS
J154419-064913 by 12 years of data and fitted it in different states (i.e., low, average, and high
state) with the one-zone synchrotron/SSC model. The origins of y-ray and X-ray outbursts
were explained by analyzing the model parameters under different activity states [37].
Paliya et al. [38] analyzed the near-simultaneous SED data of two Fermi bright blazars in
different periods in the subdivision, obtained relevant physical parameters by fitting them
with a third-order polynomial, analyzed the evolution of SED peaks and the correlation of
Compton dominance parameters with the y-ray flux activity, and proposed several possible
origins of y-ray flares. However, to understand the more profound nature of the outbursts
and their physical mechanism, one should apply various physically motivated models
rather than a phenomenological mathematical model.

Based on the proposed methods and the questions to be addressed, we consider further
investigating the multiwavelength radiation mechanism of 3C 454.3 under different activity
states and the implicating origins of ¢-ray outbursts. By analyzing the research of Ref.
[39] on the multi-frequency variability of 3C 454.3 in an extended period, we selected the
period of MJD 55,400-56,000, which contains the high and low states, for consideration.
Moreover, a one-zone Syn+SSC+EC leptonic radiation model will be used in our SED fitting
and analysis, in which the external soft photons mainly originate from the BLR and MT
and are upscattered by interacting with the non-thermal electron population. This paper is
organized as follows. In Section 2, data reduction and analysis are presented. The model
and the effects of changes in the parameters are described in Section 3. Section 4 gives the
results. Finally, the discussion and conclusion are presented in Section 5. The following
cosmology is considered throughout: the Hubble constant to be Hy = 67.8 km s~ Mpc~!,
the matter energy density to be (dy; = 0.308, the radiation energy density to be (), = 0, and
the dimensionless cosmological constant to be (3, = 0.692 [40].

2. Data Reduction and Analysis
2.1. Fermi «y-ray Data

Using the Fermi data server', the newest Pass 8 data of 3C 454.3 are acquired. We
analyzed 0.1-300 GeV (evclass = 128 and evtype = 3) data taken with the Large Area
Telescope of the Fermi Gamma-ray Space Telescope mission (Fermi-LAT) between 23 July
2010 and 14 March 2012 (MJD 55,400-56,000) to yield one day binned <y-ray light curves
and spectra. Then we give a brief description of the light curve, energy spectrum analysis,
and data reduction procedure, respectively.

The standard unbinned-likelihood data reduction procedure? is used for our variability
analysis. The event data were extracted by gtselect while selecting the source region centered
on the coordinates of 3C 454.3 with the radius of the search region of interest (ROI) of 10°.
Their photon indexes and normalized parameters are left free to vary during the model
fitting for sources lying within 10° from the center of the RO For sources lying outside 10°
from the center of the RO, their parameters are kept fixed to the 4FGL catalog values [41].
The normalization of diffuse background components is kept free during the model fitting.
Additionally, the recommended quality cuts, (DATA_QUAL==1)&&(LAT_CONFIG==1),
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and a zenith angle cut at 90" are applied to eliminate the Earth’s limb events. The good
time intervals were selected with the task gtmktime. A count map of ROI was created
by gtbin, and the exposure map was generated by gtltcube and gtexpmap. The Galactic
diffuse emission component and the isotropic background templates® were also used with
P8R3-SOURCE-V3 and iso-P8R3-SOURCE-V3-v1.txt, respectively, and the XML files were
created by the user-contributed tool make4FGLxml.py. The diffuse source responses were
created by gtdiffrsp and the flux was obtained by running the task gtlike. The significance of
the y-ray detection was quantified using maximum likelihood test statistic TS = 2Alog(L),
where L is the ratio of the likelihood values for models with and without a 7-ray point
object. The threshold of the TS value is set to be 10 in this work.

On the basis of more than 12 years of y-ray observations from the Fermi Science
Support Center (FSSC) and the updated Fermi PSR3* data, we calculated the y-ray pho-
ton spectrum of the Fermi-LAT for 3C 454.3 using Fermitools (v11r5p3), the open source
Python package Fermipy [42]. We used the corresponding instrument response function of
P8R3 SOURCE V3, the galactic interstellar emission model gll_iem_v07 (i.e., gll_iem_v07 fits),
and a new isotropic spectral template (iso_PSR3_SOURCE_V3_v1.txt) [41,43].

2.2. Swift Data

The Swift satellite with three instruments on board, the UV and Optical Telescope
(UVOT; [44]), the X-ray Telescope (XRT; [45]) sensitive to the 0.3-10 keV band, and the
Burst Alert Telescope (BAT; [46]) sensitive to the 15-150 keV band is an ideal instrument
for simultaneous/quasi-simultaneous observation of blazars in the X-ray, Optical, and UV
bands. The XRT data were taken both in photon counting mode (PC) or windowed timing
mode (WT) with the single exposure ranging from 0.22 to 14.35 ks for a total exposure of
~0.76Ms. The data from 23 July 2010 to 14 March 2012 were retrieved from the High Energy
Astrophysics Science Archive Research Center (HEASARC) website”, and we followed
standard threads® to analyze the data from level I. All Swift data were reduced with
HEASoft 6.26.1. The task xrtpipeline was run, with a source region file selected by a central
circularity with a radius of ~20 pixels (47 arcsec) and a background region file selected for
an annular ring with an inner radius of ~51 pixels (120 arcsec) and outer radius of ~85
pixels (200 arcsec). The light curves and spectra were generated by xselect with level II
data from the WT mode and PC mode, respectively. The source spectra were grouped by
grppha with a minimum of 20 photons per bin for WT mode spectra and at least 10 photons
per bin for PC mode spectra. In the reduction of X-ray spectra, the response matrix file
swxwt0to2s6_20131212v015.rmf for WT mode and swxpcOto12s6_20130101v014.rmf for PC
mode were used and the standard ancillary response files were created by xrtmkarf. Fixing
the neutral hydrogen column density (Ng = 6.78 x 10?0 cm~2), the grouped spectra are
fitted with the package xspec 12.10.1. The energy spectra of X-rays were fitted by a redshifted
power law (zPL) model F(E) = Kp[E(1 + z)] ~I E stands for the X-ray photon energy, and
z stands for the redshift (See Table A1 for details). Galactic absorption (i.e., in Milky Way) is
included in all these spectral models (i.e., thabs x zPL, where tbabs are the absorption due
to the interstellar-medium). Still, zZPL does not include intrinsic absorption at the redshift
of the source, where the redshift is cosmological.

Simultaneously with XRT, 3C 454.3 was observed with the UVOT instrument in
six filters, V (500-600 nm), B (380-500 nm), U (300-400 nm), UVW1 (220400 nm), UVM2
(200-280nm), and UVW?2 (180-260 nm). Following the recommended threads’, uvotsource
in HEASoft 6.26.1 was run with a source circular region radius of 5 arcsec and a background
file with a 20-arcsec circular radius. We adopted the extinction E(B — V) = 0.093mag,
and the results of Ref. [47] were applied here with 0.173, 0.229, 0.275, 0.394, 0.457, and
0.481 mag corresponding to the V, B, U, UVW1, UVM2, and UVW2 bands. In addition,
we also obtained the variability data before the period of MJD 55,400 from Ref. [39] for
comparison.
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2.3. Other Data

We can collect a large amount of multiwavelength data from the ASI Space Science
Data Center (SSDC), which combines radio to y-ray (even TeV) band data from several
missions, external services (e.g., NASA /IPAC Extragalactic Database, The Sloan Digital Sky
Survey, The United States Naval Observatory) and experiments together with catalogs and
archival data® (e.g., [14,48-51]). In this work, SSDC data after 2008 are used as a reference
because the high-energy data of the photon spectrum had few data points due to the limited
detection sensitivity.

2.4. Multiwavelength Light Curves during Outburst

The multiwavelength light curves of 3C 454.3 during 2010 June to 2012 March are
shown in Figure 1.
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Figure 1. Multiwavelength light curves for 3C 454.3 from June 2010 to March 2012. The data in the first panel
were extracted from Fermi-LAT, the data in the second panel are from Swift/XRT, the data in the third and fourth
panels are from Swift/UVOT. The gray dashed lines in each panel correspond to different epochs: P1 and P2

defined in Section 2.4. An enlarged view of the nearby P2 epochs is shown in the inset of each panel.

In order to determine the time of maximum flux in the flare epoch, the multiple
Gaussian profile function can be used to fit the observed light curve [52,53]:

n=4 _ ('7tpeak,i)2
F(t)= Y (Fo+Fje ™ ) (1)
i=1

where Fy, Fy ;, tpeak,is and y; are the offset constant, the intensity, position of the peak, and
standard deviation of the ith Gaussian component, respectively.
The fitting results are shown in Table 1 and Figure 2.
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Figure 2. Diagram of a combination of multiple gaussians profile function fitting y-ray and X-ray
light curve during flare periods. The gray dashed lines in each panel correspond to the P1 epoch.

Table 1. The multiple gaussians profile function fitting results of X-ray and «-ray flare period near
the highest flux points.

X-ray Band -ray Band
Parameter Value Value
F 0.48 +£0.03 0.20 £0.01
Fi» 1.13+0.17 1.46 +0.65
tpeak,Z(S) 55519.27 4+ 0.08 55518.72 +0.26
w2 (s) 0.12 £ 0.09 3.64 £0.33
RZ* 0.95 0.91
o* 0.64 4.42

* The R? value denotes the coefficients of determination, the o represents the residual sum of squares fitted for

light curve, and o = _g] (9; — yi)? [54,55]. The Fy and F ; are flux units, as show in Figure 2.

Based on the fitting results shown in Figure 2, the bright X-ray flaring state of 3C 454.3
is around MJD 55,519.27, and the highest X-ray flux is (2.08 £0.01) x 10" ergem 257!
corresponding to MJD 55,519.10. The bright -ray flaring state of 3C 454.3 is around MJD
55,518.72. In addition, on 55,519, the highest X-ray flux corresponds to the y-ray flux of
2.17 x 1075 phem 257!, which is closer to the multiple Gaussian profile function fitting
value. The flares in different bands are nearly correlated or appear with small lags in
Figure 1.

To investigate the nature of the multiwavelength emission from 3C 454.3 in Figures 1 and 2,
data from the following periods are considered:

1. Period 1 (P1): MJD 55,519 corresponding to the period when the highest multiwave-
length flux was observed, so it is taken as the bright states.

2. Period 2 (P2): M]JD 55,886 corresponding to the period when the lowest X-ray flux
(4.9840.84) x 10712 erg cm 2 s~ ! was observed, and the y-ray and optical/UV bands
flux are also relatively low at this time, so we take it as the quiescent states.

3. Period 2’ (P}): In the P2, the Fermi -y-ray spectra that we obtain are all upper limits.
Therefore, in order to make the fitting of y-rays energy spectrum in the quiescent
states more reliable, we considered merging the photons in the period before and
after the P2 to make the average gamma-ray energy spectrum of 55,800 to 56,000 (we
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denote it as P’z), which is used to constrain the model parameter range of y-ray energy
spectrum in the quiescent states.

3. Modelling the SED of 3C 454.3
3.1. Model

In this study, a traditional one-zone Syn+SSC+EC model was adopted to fit SED of
3C 454.3, which has been widely implemented in the field of blazars [8,12,56]. The model
assumes that the radiation region is a homogeneous spherical blob with radius R} sur-
rounding an uniform magnetic field B/, and that the radiation region moves relativistically
with the bulk Lorentz factor I' = 1/5(1 — B cos 6) along the jet [20,21,57].

The electron energy distribution (EED) is described by a broken power-law distribution
with the form:

o 7 Vinin <7 <N,

N = NO{ T2 YT M <Y € Vinax @
where Ny’ is the normalization of the particle distribution, -y is the broken electron Lorentz
factor, n; and n, represent the indices of the electron distribution below and above 7{3,
the parameters 7/ ;. and ¥}, are the minimum and maximum electron Lorentz factors.
The quantities with a prime represent are calculated in the co-moving coordinate system.
Interestingly, 7 represents the energies of the particles as it undergoes a balance between
escape and cooling process [13,57-59].

The synchrotron radiation peak frequency of a single electron is [60]:

pom 4 0

peak 3VL’Yb 1+z 3)

where v; = eB’ /27tmec is the Larmor frequency of relativistic electrons.
Assuming an isotropic distribution of electrons, the theoretical synchrotron emissivity
can be calculated by convolving the solution with the isotropic synchrotron emission power:

o) = 3 [ NOY)Panv,7)’ @

where Psyn(1/,7') is the single electron synchrotron emissivity averaged over an isotropic
distribution of pitch angles [20,21,61,62].

In the spherical geometry structure, the synchrotron intensity is given by the transfer
equation:

] n V, _ 1// /
N

where ksyn (') is the absorption coefficient [20,21,63].
Similar to jsyn (v), the IC emissivity is:
. 1
JieV) = 1~ / N(y")Pi (v, v")dy' (6)

In the SSC scenario, the relativistic electrons interact with synchrotron radiation
photons through the IC scattering. The SSC emissivity is calculated by [20,21]:

v/,
o) = /Sﬁ/ag'>m%4WWQM' )
Vsyn
where vsyn is the frequency of the incident photons emitted by the synchrotron radiation,

B=v/c f ( éyn, v}.) is the spectrum produced by scattering monochromatic photons of

frequency v, with a single electron.

syn
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Then, we can obtain the SSC emission intensity [13,60]:
Issc(V') = Jssc (V)RS (8)

The IC peak frequency is[60]:

)

— eak’
peak

wc ) (4/3) (7{)2)1/1;syn Thomson regime
(2//3) (mec?/h)v;, Klein — Nishina regime

In the EC scenario, the seed photons originate from the external radiation field (e.g.,
the BLR and MT), and the relativistic electrons interact with external radiation photons
through the IC scattering. The EC intensity is given by [12,56,64—67]:

3

N 2082 Uew ’ v
Lec(v') = 2 ospTi. /7 fdl/ ' 7kpText —1

N /
f ,i/’; )f(ve/:xt’ Vilc)dfyl (10)
where v, is the frequency of the incident photons emitted by the external radiation; Uey; is
external photon field, and Uext ~ (12/ 171“2)11(2Xt [68]; Text is the temperature of an isotropic
black body, and Text = hvp/ (3.93kp), Vp is the maximum frequency of seed photon in the
v — vF, space, which is expressed as vglr = 2 x 10'°THz in the case of BLR; In the case

of MT, it is expressed as vglt = 3 x 1013THz, where I' ~ § in our calculations; ogg is the
Stefan-Boltzmann constant; kg is the Boltzmann constant.
We can calculate the energy density of the external photon field (Uex) according to
[64,66,69-72]:
Lext
471cR2

ext

uext =

(11)

where Reyt is the characteristic distance of the BLR (R r) and MT (Ryr); Lext is the
luminosity of the BLR (Lgrr) or MT (Lymr), and Lprr = TeLrRLdisk; Text is an effective
scattering depth of the surrounding medium including the BLR (g g = 0.1) and MT
(mmT = 0.5); Lgjsk is the accretion disk luminosity.

Base on the above, the total observed flux density can be calculated by [12,21,56,60]:

63 (1+z)RZ

e [Tsyn (V') + Lisc(v)) + ec (V)] x e (V2) (12)
L

Fobs (V) -

where d| is the luminosity distance, R, = dctyar/ (1 + z), tyar is the minimum variability
time-scale, z is the redshift of the source, and (v, z) is the absorption optical depth
due to the interaction of very high-energy gamma-ray photons with the photons from the
extragalactic background light (EBL) [73].

3.2. Effects of Changes in the Parameters

To understand the variation of spectral behaviors observed from blazar jets, it is
critical to meticulously research the particle spectral parameters associated with the jet
radiation region and the jet parameters associated with the observation of theoretical
photon spectra [13,14].

There are altogether 13 free parameters in our model: B/, R, §,Ny/, ny, ny, ’h’y ’)/;nin/
Ymaxs LBLR, LmT, RpLRr and Ryr. To centralize the influence of the individual parameter
shift, we change only one parameter and keep the others fixed. We adopt B’ = 1.5 G,
R, = 7 x10%m, § = 20, Ny’ = 25 x10° em™3, ny = 25, n, = 5.0, 9{, = 1 x 103,
v =80, Yhax = 1 x 108, Lgr = 1.15 x 104 ergs™!, Lyr = 4.925 x 10* ergs~!,
Rprr = 7.5 x 101°cm and Ryt = 8.5 x 10'8cm as a baseline of the theoretical SED. The
changes in the theoretical photon spectrum by varying the individual parameters are shown
in Figures 3 and 4.
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Figure 3. Theoretical SED for various parameter changes. (1) the magnetic field strength B’; (2) the
Doppler factor §; (3) the normalization constant N6 ; (4) the broken electron Lorentz factor ')/{3 ; (5) the
spectral index 711 of the lower-energy segment before 7} ; (6) the spectral index 15 of the high-energy
segment after 'yg ; (7) the radius of the radiation zone R.; (8) the luminosity Lgrr of the broad-line
region; (9) the luminosity Ly of the dusty molecular torus; (10) the characteristic distance Rgp g of
the broad-line region; (11) the characteristic distance Ryt of the the dusty molecular torus.
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Figure 4. SED of models with different 7/ ;. and /., values for 3C 454.3.

We note that: (1) B’ has little effect on the shape of the high-energy y-ray photon
spectrum; (2) the intensity of the photon spectrum becomes higher when the J increase;
(3) the intensity of the photon spectrum is proportional to the N} for synchrotron and
EC component; (4) the shape of the photon spectrum variates when the 7} higher. With
the increase of 7}, the peak frequency of photon spectrum moves higher and the spectral
intensity increases; (5) when 77 increases, the photon spectrum intensity decreases, and the
amplitude of the X-ray band changes significantly; (6) the effect of the 1, on the spectral
shape is mainly concentrated in the high energy tail of low-energy components of the
photon spectrum, it has little effect on other bands; (7) the intensity of the photon spectrum
has a particular influence on the R/ change; the more significant the R}, is, the higher its
intensity is; (8) when the luminosity of the external radiation field increases, the intensity of
the high-energy components of the photon spectrum increases; (9) when the characteristic
distance of the external radiation field is larger in scale, the intensity of the photon spectrum
in the high-energy components decreases; (10) the /.. and y},,, have little effect on the
overall spectral shape of the photon spectrum. Among all parameter changes, B, 7{, and
ny have an immense influence on the overall spectral shape of theoretical SEDs. While
3, No/, n1 and R, parameters are mainly reflected in their effects on the amplitude of the
intensity of photon spectrum. The Rpyr, RmT, LpLr and Lyt mainly affect the amplitude
of the intensity of the photon spectrum at high energy.

Based on the above simulation, we consider reproducing multiwavelength SED of
3C 454.3 in different activity states P1, P2 and P). In general, the possible causes of the
high energy -ray flares are: (1) an increase in the energy density of the external radiation
field Uext; (2) an increase in the Doppler factor J in jet; (3) the hardened distribution of
radiated electrons leads to the change of ’y{) ; (4) an increase in the number of relativistic
electrons N{, [38,74-77]. Therefore, we consider two strategies in the fitting to research the
multiwavelength radiation property in different active states.

e In the first strategy, we adjust the values of all the free parameters according to the x2-
minimum technique [12,14,78], so that the theoretical photon spectrum can conform
well to the multiwavelength observation data in P1, P2 and P, states. In the specific
ﬁtﬁl’lg, Uext is given by adjusting Lgir, Rerr, LmT, and Ryr.

* In the second strategy, we consider fixing the parameters (Lgrr, LmT, RBLR, @and Ryr)
related to the external radiation field and the insensitive parameters (7)., Ymax) i
Figure 4 to reduce the free parameters. The parameters Lg;r, RprLr, and Ry are
restricted by the following relations: Lgr g = 0.1Lgjsk, Rprr = 1017 (Lgiek /10%)1/2 cm,
Ryt = 2.5 X 10'8(Lgigc /10%°)1/2 em, and Lyg;g ~ 1040 ergs ™! in the fitting process [79].
Only the parameters (11, 112, 7, No', B', 8, R.) related to the physical conditions of the
jet radiation region were adjusted to test whether the multiwavelength SEDs can be
fitted on this basis. In order to better compare parameters in different activity states,
we introduce the average state simultaneous data of 3C 454.3 in Ref. [80].

4. Results

As described in the previous section, we first reproduce the multiwavelength quasi-
simultaneous SEDs of 3C 454.3 in P1, P2 and P}, using the first strategy. In SED fitting,
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we ignore the radio data and the upper limit of energy. The optimal fitting results of
parameters are shown in Figures 5 and 6 and Table 2.

Table 2. Parameters of modelling of the multiwavelength SED of 3C 454.3 within a one-zone
Syn+SSC+EC scenario during P1, P2 and P}.

/
Parameter ! P1 P2 5 5,18’(2) 0(}\5/[61,]30 0
n 2.36 243 2.45
1y 4.47 4.07 4.17
% 1.46 x 103 1.62 x 103 172 x 103
Yo 80 50 60
Vhax 1.30 x 108 1.50 x 108 1.80 x 108
Ny’ (em™3) 6.58 x 10° 5.58 x 10° 5.68 x 10°
B'(G) 1.66 2.88 2.86
P 17.20 12.10 12.80
R’ (em) 228 x 1016 1.36 x 106 1.39 x 1016
Lprr (ergs™) 2.18 x 10% 1.53 x 10% 1.20 x 10%
Ly (ergs™!) 9.12 x 10* 3.13 x 108 2.19 x 104
RprRr (pc) 0.08 0.02 0.01
Ry (pe) 2.04 1.13 1.33
x> 16.98 15.42 7.69
o 0.47 0.70 0.94
I the XZ value denotes the goodness of fitting of chi-square, which can be expressed as Xz = 1/(N -

N
dof) ¥ (i —vi/ §i)2, where dof are the degrees of freedom, i.e., the number of free parameters used for the

i=
model; N is the number of quasi-simultaneous observational data points; the fJ; are the expected values from the
model and the y; are the observed data; ¢; is the standard deviation for each data point. The ¢ represents the

N
residual sum of squares fitted for SED (the fitting is done in log space), and o = ¥ (#; — yi)z [54,81].

i=

-7.5 T T T T T T T T T
= Syn == T, (EBL)
== SSC @ FermilAT
ECBLR | Swift XRT
8.0 _.. ecmr Swift UVOT i
—Sum sSDC
-85} 1
- Period 1
|
T 9.0t 1
T
5
- =95} i
o
L
o —10.0 1
>
o
o
-10.5F i
-11.0} i ]
—115F i ]

10 1I2 1I4 16 1I8 2I0 2I2 24 26
log v [Hz]
Figure 5. Modeling of multiwavelength SEDs of 3C 454.3 during the bright states (P1). The arrow

indicates the energetic upper limit of Fermi-LAT. The model is described in the text and the parameters
are given in Table 2.

It can be seen that (1) The one-zone Syn+SSC+EC leptonic model can well reproduce
the multiwavelength quasi-simultaneous SEDs of 3C 454.3 in P1, P2 and P}; (2) the jet
radiation region parameters B, §, and R} have certain variations in all free parameters in
the two periods; (3) Compared with P2 and P}, the Doppler factor increases during the
bright states. This indicates that the variation of bulk Lorentz factor in the radiation region
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may have a certain effect on the flare activity; (4) The magnetic field strength B’ in the bright
states (P1) is lower than that in the quiescent states (P2 and P%); (5) When the parameters of
the external radiation field are taken as free parameters, the values of the energy density of
BLR in different states are Upr g p; = 0.95 X 10t ergem =3, UpLrpz = 1.07 x 10~ 'ergem 3,

_ -1 -3 : - - _
and uBLRLPS/z = 3.347 ;< 107 ergem ™7, respf;:tlvely. Ele energy density of MT is5 UMT,I)li;
6.10 x 1077 ergem ™, Uprp2 = 0.68 X 107> ergcm ™, and UMT’P/Z =035%x10""ergem™7,
respectively.

cSyn e T (EBD)

—-. ssC W SwiRt XRT l

ECBLR Swift IVOT < €

. ECMT sSDC Period 2 . ss5C B Swit XRT
s

_10} 1 Zlewr sioc Period 2/
W remiur

log vF, [erg-cm=2-s71]

10 12 14 16 18 20 22 24 26 10 | 1[‘: : 20 22 2
log v [Hz] log v [Hz

(a) (b)
Figure 6. Modeling of multiwavelength SEDs of 3C 454.3 during the quiescent states (P2 (a) and
P} (b)). The symbols and lines are the same as shown in Figure 5.

Then, we employ the second strategy to reproduce the multi-band quasi-simultaneous
SEDs of different activity states (e.g., the P1, the P2, the Pg, and the average states) of 3C
454.3 with fixed partly parameters. In accordance with the restricting method of Ref. [56],
the values of fixed parameters are estimated as follows. (1) The radius of the radiation zone
in the jet frame could be bounded with the minimum variability time-scale and redshift with
Rl < éctyar/ (14 z) =~ 1.80 x 10'°5cm, where the intraday variation of Fermi «-ray band
was determined for 3C 454.3 [82]. (2) The minimum electron Lorentz factor /.. = 50 and
the maximum electron Lorentz factor 7/, = 1.5 x 108 (Y} > 100) [83] is assumed in
this work without any considerable effect on the fundamental results according to Figure 3.

The SED modelling results are shown in Figure 7 and the corresponding parameters
are presented in Table 3.

Table 3. Parameters of the multiwavelength SEDs of 3C 454.3 in different activity states modeling
with fixed partly parameter.

Parameter | The Bright The Average The Quiescent P, (MJD
States (P1) States States (P2) 55,800-56,000)
n 2.42 2.39 2.35 2.36
1y 427 427 427 427
" 112 x 103 1.12 x 10° 152 x 103 1.36 x 103
Y in 50 50 50 50
Yhax 1.50 x 108 1.50 x 108 1.50 x 108 1.50 x 108
Ny (em—3) 5.53 x 10° 5.55 x 10° 1.02 x 10° 1.05 x 10°
B'(G) 1.26 1.78 3.43 4.08
) 21.71 15.52 9.55 9.12
R’ (em) 2.68 x 101° 2.68 x 1010 2.68 x 1016 2.68 x 101°
Lpr (ergs™!) 1.10 x 10% 1.10 x 10% 1.10 x 10% 1.10 x 10%
Ly (ergs™!) 4.15 x 10% 4.15 x 104 4.15 x 10% 4.15 x 10
RBLR (pC) 0.07 0.07 0.07 0.07
Ry (pe) 1.65 1.65 1.65 1.65
x> 12.23 1.21 5.08 5.43
o 0.49 0.04 0.69 1.33

! The calculation method of related parameters is consistent with Table 2.



Universe 2022, 8, 585

12 of 17

T T T T T T
= The average states radio data
= = = The bright states o e .
—8r__. The quiescent states of P2 M P2 ¢ %.
—-- The quiescent states of P, o P R HE
@ Giommietal. (2012) ssbc e 1
.
.
— 97
hn
1
]
o~
[
IS L
€ _10
)]
—_
(]
W
> —11r
(o))
o
—12F
I\
~13 \

10 12 14 16 18 20 22 24 26
log v [Hz]

Figure 7. Modeling the multiwavelength SEDs of 3C 454.3 in different active states with fixed partly
parameters. The model is presented in the text and the parameters are given in Table 3.

It can be seen that (1) The Doppler factor J significantly increases in the bright period
(P1) compared with the quiescent period (P2, P}). (2) The magnetic field strength B’ in the jet
radiation region decreases gradually from the quiescent state to the average state and then to
the bright state. (3) The SED parameters 71, 7{), and N(’J have small changes under different
active states. (4) The energy density of BLR and MT are Ui r = 6.25 X 1072 erg cm 3 and
Unr = 043 x 10~*ergcm =3, respectively.

Combining the strategy 1 and 2, we obtain that the Doppler factor § and the magnetic
field B’ change obviously in different active states. In the bright period, ¢ is increases
significantly and B’ is lower than in the quiescent period.

5. Conclusions and Discussion

In this paper, we reproduce the multiwavelength simultaneous/quasi-simultaneous
SEDs of 3C 454.3 in different activity states by investigating the broad-band emission in
MJD 55,400-56,000. By analyzing the differences of physical model parameters in the bright
states (P1), the average states, and the quiescent states (P2, P}) or fixing some parameters
to research the effects of other parameters on SED simulation, we can explain the possible
causes of y-ray flare.

In general, under the framework of the leptonic scenario of the blazars, we consider
that the non-thermal electron populations are isotropically distributed in the co-moving
coordinate system of the radiation region. According to the studies of Refs. [14,84], as well
as Equations (3) and (9), we can find the relation between the peak frequency of the SED
component and the physical parameters of the jet radiation region as follows:

v o BAZS, VENR L o No(1) B2403 13
v;gak 1o vext%z)l"é, VF&%eak 1o ueXtNe('Yb)’)’%r254 (14)
Vpeak/ Vpeak & Vet /B VE fpeui/ VE, ey, & U /B (15)

According to the above formula and the SED simulation result in Section 4, we found
that: (1) vFI€ W/ vEY" . = 76.83 in the bright states (P1) is greater than 0.56 in the

v,pea v,peak
quiescent states (P3), and J is the dominant factor among all parameters in Figure 7. (2) By
comparing P1 with P/, in Table 3, the B’ decreases in the bright period. This change may
indicate the conversion of magnetic energy, which converts the energy of the magnetic
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N o W N

field into the energy of the relativistic particle, and is therefore accompanied by an efficient
particle acceleration [38,85,86]. Combining the results of strategies 1 and 2, we suggest that
this y-ray flaring activity is more likely to be caused by the Doppler factor increases.

In addition, there are also compelling observations implying the existence of more
than one dissipation zones in the jet, and studies have shown that blazar flares can be well
explained under multi-zone models based on geometric structure (e.g., [35,87-89]). The
multi-zone models has advantages over the one-zone model in explaining the phenomenon
of orphan flare in multi-band light variability and radio observations. They will acquire
smaller magnetic field strengths B’ and more precise dissipation distances in Refs. [35,89].
Our aim in this paper is to use a relatively general and simple one-zone leptonic model to
analyze the multiwavelength SEDs of the 3C454.3 in different active states and to explain
the origin of the outbursts. We are considering introducing the multi-zone model into
future work.
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Appendix A

Table Al. The X-ray Energy Spectra Fitted Results by zPL ( tbabs x zpowerlw ).

Parameter ! P1 (Obsid:00035030136) P2 (Obsid:00035030215)
Ty 1.42 +0.03 1.78 £0.23
Kp(1073 phkeV~tem=2s71) 61.76 £2.03 2.57 +0.74
x%/ (N — dof) 33.37/(17) 15.66/(8)

! Considering the interstellar medium absorption model tbabs in the fitting, the hydrogen column density was
adopted as Ny = 6.78 x 10% cm~2 [39] in these fits. Here the chi-square x?, T'x and Kj, denote the photon index of
X-ray and normalization factor in the zPL fits, respectively [55]. Fitting parameters and goodness evaluations
were obtained from xspec 12.10.1 (https:/ /heasarc.gsfc.nasa.gov/xanadu/xspec/, accessed on 21 August 2022),
an X-ray spectrum fitting program. N is the number of data points. dof are the degrees of freedom.

http:/ /fermi.gsfc.nasa.gov/ssc/data/, accessed on 21 August 2022

http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/, accessed on 21 August 2022

https:/ /fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html, accessed on 21 August 2022
https:/ /fermi.gsfc.nasa.gov/ssc/data/access/, accessed on 21 August 2022

https:/ /heasarc.gsfc.nasa.gov/db-perl/W3Browse /w3browse.pl, accessed on 21 August 2022

https:/ /www.swift.ac.uk/analysis/xrt/index.php, accessed on 21 August 2022

https:/ /www.swift.ac.uk/analysis/uvot/index.php, accessed on 21 August 2022
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