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Abstract: We study the temporal and spectral variability properties of the high-redshift blazar
B3 1343+451 utilizing Fermi-LAT data from 2008 to 2022 in the energy range of 0.1-300 GeV. We
identify six major flares with many substructures and analyze their temporal and spectral properties
in detail. The fastest rise and decay timescales are found to be 4.8 £+ 0.48 h and 5.28 £+ 0.72 h,
respectively. The size of the emission region is constrained to be R ~ 5.18 x 10'°~1.56 x 10'® cm
with the typical Doppler factors of 6 ~ 10-30. Most of the peaks from the flares exhibit a symmetric
temporal profile within the error bars, implying that the rise and decay timescales are dominated by
the disturbances caused by dense plasma blobs passing through the standing shock front in the jet
region. We also find that four flares are better fitted with a log-parabolic distribution, while two flares
are better fitted with a power-law distribution. Our results indicate that the emission regions vary
from one flare to another, which is consistent with earlier results.

Keywords: blazars; y-ray; active galactic nuclei; B3 1343+451

1. Introduction

Blazars, as a subclass of powerful radio-loud active galactic nuclei (AGNs) where
the relativistic jet aligns very closely with the observer’s line of sight, are considered as
the potential sources of astrophysical high-energy cosmic rays and neutrinos [1,2]. Their
broadband electromagnetic radiation is dominated by non-thermal emission from radio-to-
high energy (HE), and even very-high-energy (VHE), y-ray bands [3]. The non-thermal
emission from these objects often exhibits distinctive observational characteristics, such as
minute-scale variability and compact radio emission in the y-ray band, etc. [4-7], which
can reveal underlying physical information, such as the location and size of the emission
region and the dynamics of the jet, etc. [8-10].

Blazars are usually divided into two major categories by their optical spectrum and
spectral energy distribution (SED) [11,12], namely, Flat-Spectrum Radio Quasars (FSRQs)
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with strong emission lines and BL Lacertae objects (BL lacs) with weak emission lines [13].
In the Fourth Catalog of Active Galactic Nuclei—Data Release 3 (4LAC-DR3), more than
5000 blazars are recorded [14] in the high-energy «y-ray band. Based on the position of the

synchrotron peak in the rest frame (vfyezk), blazars are further classified as high synchrotron

peaked (HSP, for vf;,ﬁk > 10'° Hz), intermediate synchrotron peaked (ISP, for 10M < vfyeﬁk

< 10'® Hz), and low synchrotron peaked (LSP, for vfﬁk < 10™ Hz) [15].

Multi-wavelength observational results have shown that the SEDs of blazars exhibit a
double-peaked structure; the low-energy peak is between the infrared and X-ray bands,
while the high-energy peak is located at MeV-GeV energies. The origin of the low-energy
peak is generally ascribed to the synchrotron emission of relativistic electrons in the jet,
while the nature of the high-energy peak is still debated. Two kinds of models, the leptonic
model and the hadronic model, have been developed to explain the blazar high-energy peak.
In the leptonic model, the high-energy peak is produced by inverse Compton (IC) scattering
of relativistic electrons that up-scatter the low-energy seed photons. If the seed photons are
the synchrotron photons, this scenario is called a synchrotron self-Compton model (SSC).
If the seed photons are derived from an external jet, such as the non-thermal emission
from the disk, torus, broad-line region (BLR), and/or Cosmic Wave Background Radiation,
this scenario is called an external Compton model [12,16-20]. In the hadronic model, the
high-energy emission is produced by a proton synchrotron or secondary emission from
proton—proton (pp) or proton—photon interactions [20-24].

Blazar B3 1343+451 (4FGL name J1345.5+4453¢, RA:206.39, Dec: 44.88) is classified as
an FSRQ. Its redshift is z ~ 2.534. The Fermi-LAT has detected four vy-ray flaring states for
this source, namely from MJD 55,083 to 55,116, from 55,839 to 55,965, from 56,160 to 56,235,
and from 57,021 to 57,126. In the first year after the Fermi satellite’s launch, the flux of the
source was at a low stage, with an average flux of F-1goper ~ 1.5 x 107 phem =2 s71. On
5 December 2011 and on 13 December 2009, strong flares from the source were detected
with a peak flux of Fxipopey ~ 8.8 X 107 ph cm 2 s~1. The shortest flux halving time
of ~2.34 days and the hardest photon index of ~1.73 & 0.24 were found. The size of the
7y-ray emission region can be constrained as ~3.43 x 10'® cm. The results from Sahakyan
et al. (2020), who performed the broadband SED modeling of B3 1343+451, show that the
y-ray emission regions are located outside the molecular torus (MT) [11]. They assumed
that the observed flares are due to the change from the bulk Lorentz factor of the emitting
region. These studies mainly focus on the long time variability, which obscures some
physical information.

A detailed study of the outburst phases, short-timescale characteristics, spectral evolu-
tion, and flux distribution for this blazar has yet to be presented in the literature. Motivated
by the strong outburst activity exhibited by B3 1343+451, we mainly focus on the individual
outburst phases of B3 1343+451 observed from 2008 to 2021. We identify the outburst
phases of B3 1343+451 by the Bayesian block (BB) algorithm with E > 100 MeV, and analyze
the short-timescale characteristics from these outburst phases in detail. We also discuss the
possible physical mechanism of these y-ray flares. Section 2 presents a brief description of
the observations and the data reduction procedure. Section 3 presents the characteristics of
the y-ray variability. Section 4 presents the characteristics of the y-ray spectra. The main
results are given and discussed in Section 5. Finally, a summary is given in Section 6.

2. Fermi-LAT Observations and Data Reduction

The Large Area Telescope (LAT) on board the Fermi satellite is a pair-conversion
detector which is sensitive to photon energies from 20 MeV to more than 300 GeV. It
surveys the whole sky every 3 h with an effective area of ~8000 cm?/GeV photon and a
field of view of ~2.4 sr [25]. In this work, we collect the first 14 years of data (from 2008
to 2022) for B3 1343+451 in the 0.1-300 GeV energy range by using the Fermi-LAT public
data server!.

Following the standard analysis procedure, the Pass 8 Fermi-LAT <-ray data for

B3 1343+451 are analyzed by using the P8R3_SOURCE_V3 instrument response func-
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tion. Photons are selected in a circular region of interest (ROI) of 15° radius centered at
the location of B3 1343+451. According to the Fermi-LAT team’s recommendation, good
data and time intervals are calculated using the recommended gfselect “Event class=128"
and “evtype=3" and gtmktime “(DATA_QUAL>0)&&(LAT_CONFIG==1)" tools. To avoid
the -ray detection from the earth’s limb, a zenith angle cut of <90° is used. We also
use “make4FGLxml.py” to obtain the input model file with the isotropic background
iso_P8R3_SOURCE_V3_vl.txt and the galactic diffuse emission model glI_iem_v07 .ﬁtsz. The
model file of each source is generated using the 4FGL-DR3 version. The spectral parameters
set for the sources located within the ROI are allowed to be free in the analysis.

Fluxes and spectra with different timescales (7 days, 2 days, 1 day) are obtained by
using an unbinned likelihood method. For the 7-day binning, the normalizations of the
galactic diffuse and isotropic emission are taken as a free parameter, while, for the short-
timescale variability with the 1-day and 2-day time bins, we fix the normalizations of the
galactic diffuse and isotropic emission. We use the values of the test statistic, (TS) [26]
defined as TS = 2 x (logLy — logLy), to obtain the source detection significance. We also
perform spectral analyses using data from several epochs by fitting the y-ray spectra in
the energy range 0.1-300 GeV with power law (PL), log-parabola (LP), and PL with an
exponential cutoff (PLEC) models. Definitions of these models are given on the FSSC
website®. The energy of the highest-energy photon is calculated by using the “gtsrcprob”
tool and the model file obtained from the likelihood fitting.

3. 7-Ray Variability of B3 1343+451

In this work, we identify the flares by using the Bayesian block algorithm with a false
alarm rate parameter of pg = 0.01 (>30) [7,8,27,28]. Based on this algorithm, we find that
the weekly binned -y-ray light curves exhibit six significant flares with fluxes in excess of
5 x 1077 ph ecm 257!, as shown in Figure 1a, Flare-I (MJD 55,040.66-55,180.66, 28 July
2009-15 December 2009), Flare-II (MJD 55,837.66-55,933.66, 3 October 2010-7 January
2012), Flare-III (M]JD 56,131.66-56,195.66, 23 July 2012-25 September 2012), Flare-IV (MJD
56,621.66-56,733.66, 25 November 2013-17 March 2014), Flare-V (MJD 57,013.66-57,132.66,
22 December 201420 April 2015), Flare-VI (M]JD 58,395.66-58,752.66, 4 October 2018-26
September 2019), which are similar to the results of Wu et al. [29] with a false alarm rate
parameter of py = 0.05 (>30), implying that the six flares are available.

We adopt gtsrcprob to obtain high-energy photons (E > 10 GeV) with >95% proba-
bilities of being associated with the source. Figure 1d shows that the high-energy photons
are observed during the flare period. The highest photon energy of 50.30 GeV is found
with a significance level of 99.67% at MJD 55,884.22 during Flare-II. The strongest flaring
state occurs in the Flare-III stage, with the highest photon energy of 49.02 GeV having a
significance level of 99.90% at MJD 56,163.29.

To further study the temporal characteristics of each flare, we extract the one- and
two-day binned substructure light curves of these flare epochs. We find that significant flux
errors are observed in the two-day binned light curve of Flare-IV. So, we fit the two-day
binned light curves of Flare-I, Flare-Ill, Flare-V, and Flare-VI and the one-day binned light
curves of Flare-II with the following function:

F(t) =2 F [eT=0/Tr 4 o0-T0)/Tf] !
+2F [e(Tlft)/Tfl + E(tiTl)/Tf1:| - 1)
J’_ cee,

where F is the flux at time T, which represents the approximate flare amplitude. T; and
Ty represent the characteristic timescale of the rise and decay from the flares, respectively.
The time at the maximum flux value is calculated with the parameters of Equation (1). To
validate the fit of each period, we calculate the corresponding residuals between the data

and the best-fitting model. We use the equation { = %j}: to describe the symmetry of a
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flare, where |¢| < 1. For markedly symmetric flares, || < 0.3; for moderately asymmetric
flares, 0.3 < |&| < 0.7; and, for markedly asymmetric flares, 0.7 < || < 1. The fitting
parameters are given in Table 1.
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Figure 1. Panel (a) presents the 7-day binned light curves of B3 1343+451 from 2008 to 2022 at
E > 100 MeV. The different patterns are divided by green vertical dashed lines. Panel (b) presents
the y-ray photon index as a function of time. Panel (c) presents the TS values (>9) as a function of
time on a logarithmic scale. Panel (d) presents the arrival time and energy of E > 10 GeV photons
with the significance levels of 20 and 3¢.

We know that the statistical fluctuations tend to dominate the very short timescales.
In order to fit the light curves of B3 1343+451 with multiple peaks, we first identify each
individual peak from the 2-day binned light curves of Flare-I, Flare-II, Flare-V, and Flare-VI
and 1-day binned light curves of Flare-III with a false alarm rate parameter of pg = 0.05 (95%)
(see Figure Al of Appendix A). We adopt Equation (1) to fit each peak individually and
obtain the corresponding best-fitting parameters of the function. Afterward, multiple peaks
in the light curves are fitted simultaneously with the best-fitting parameters from fitting
each peak individually. In general, a lower x?/ndf (the number of degrees of freedom)
value indicates a good fit between the model and the data. When the value of x?/ndf is too
large, we add some substructure peaks to improve the fit. To validate the fit of each period,
we also calculate the corresponding residuals between the data and the best-fitting model.

3.1. Flare-1

For a detailed study of Flare-I, we extract the 2-day binned light curve, as shown in
the Figure 2a. In this period, we recognize three distinct peaks (P1, P2, and P3). Their
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peak fluxes are (3.49 + 0.71), (3.91 + 0.99), and (6.31 4 0.66)x10~7 ph cm 2 s~ ! at MJD
55,057.42 £ 0.71, 55,089.05 £ 0.71, and 55,099.40 £ 0.62, respectively. The three peaks
exhibit a marked symmetric temporal profile. All modeling parameters are described in

Table 1.
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Figure 2. Panels (a,b,d—f) present the 2-day binned light curves of Flare-I, Flare-II, Flare-V, Flare-VI
(A), and Flare-VI (B) that are identified in Figure 1, respectively. Panel (c) presents the 1-day binned
light curves of Flare-1II. The light curves are fitted with Equation (1). Here, the fitted residuals are
shown in (a—f).

3.2. Flare-1I

To understand the substructure during Flare-II, we obtain the 2-day binned light curve.
Three subflares are exhibited during this period. The fit parameters are given in Table 1.
The maximum peak flux is (7.74 £ 0.50) x 1077 ph em~2 s~ 1 at MJD 55,891.14 + 0.96.



Universe 2024, 10, 423

6 of 16

Table 1. Best-fitting results of the 2-day and 1-day binned light curves of Flares-I-VI, as marked in
Figures 1 and 2.

Peak To F T, Ty 4 T,

14
(MJD) 10~ phem=—2s7! (day) (day) (MJD)

Flare-1

P1 55,056.66 3.49+£0.71 2.00 £+ 0.56 3.62 £ 1.55 0.29 £0.23 55,057.42 + 0.71

P2 55,088.66 3.91 £+ 0.99 1.54 £ 0.63 2.35+1.42 0.20 £ 0.35 55,089.05 + 0.71

P3 55,098.66 6.31 £ 0.66 332+1.17 4.84 £+ 0.65 0.19 £0.18 55,099.40 + 0.62
Flare-I1

P1 55,871.66 3.80 + 0.54 714 +£1.18 2.22 +0.68 —0.52 +0.13 55,869.68 + 0.36

P2 55,891.66 7.74 +0.50 7.84 +0.99 6.81 + 1.67 —0.07 £ 0.14 55,891.14 + 0.96

P3 55,903.66 4.85 + 1.09 1.19 £ 0.42 1.14 £ 047 —0.02 £0.27 55,903.63 + 0.32
Flare-1I1

P1 56,164.66 6.72 +1.44 0.95 + 0.29 0.65 + 0.24 —0.19+£0.23 56,164.51 + 0.18

P2 56,173.66 8.29 £0.49 6.04 £+ 0.84 7.37 £0.88 0.10 £ 0.10 56,174.32 £+ 0.60

P3 56,189.66 5.18 +£1.31 0.60 £+ 0.23 0.60 £+ 0.21 0.00 £ 0.26 56,189.65 + 0.16
Flare-V

P1 57,032.66 3.28 £0.73 713 +1.74 18.88 + 8.60 0.45 +0.21 57,037.70 + 3.01

P2 57,060.66 4.75 £ 0.92 212 +0.64 224 +0.73 0.03 +0.22 57,060.71 + 0.49

Flare-VI (A)

P1 58,555.66 6.27 +0.61 4.04 +0.82 5.20 + 0.96 0.12 +0.14 58,556.23 + 0.61

P2 58,583.66 3.46 £ 1.50 7.10 £ 2.02 212 £ 1.55 —0.54 +£0.28 58,581.68 + 0.60

P3 58,613.66 6.48 +0.77 3.14+1.04 4.32+0.71 0.15 +0.18 58,614.23 + 0.60

Flare-VI (B)

P1 58,633.66 3414021 10.60 +2.26 11.56 +5.33 0.04 £0.25 58,634.14 + 2.88

P2 58,651.66 3.83 £ 0.95 3.04 £1.24 473 £1.29 0.21 +0.23 58,652.47 + 0.81

P3 58,707.66 5.35 + 0.46 449 +0.73 5.51 +0.67 0.10 + 0.10 58,708.16 + 0.48

P4 58,729.66 2.76 £ 043 2.75 +0.94 5.36 + 1.72 0.32 +0.21 58,730.87 + 0.80

3.3. Flare-111

A 1-day binned light curve is generated to analyze Flare-III. In this period, three
distinct peaks, P1, P2, and P3, are found at MJD 56,164.51 + 0.18, 56,174.32 % 0.60, and
56,189.65 £ 0.16, and have flux values of (6.72 £ 1.44), (829 £+ 049), and
(5.18 + 1.31)x 1077 ph em 2 571, respectively. The three peaks exhibit a marked symmetric
temporal profile.

3.4. Flare-V

We recognize two distinct peaks (P1 and P2) in the 2-day binned light curves. The
flux values of these peaks are (3.28 & 0.73) and (4.75 £ 0.92) x 1077 ph cm 2 s L at MJD
57,037.70 £ 3.01 and 57,060.71 £ 0.49, respectively. The decay timescale of peak P2 is longer
than the rise timescale, implying an asymmetric temporal profile. On the contrary, peak P1
has a symmetric temporal profile. All modeling parameters are described in Table 1.

3.5. Flare-V1

Flare-Vlis the longest-duration (MJD 58,395.66-58,752.66) activity phase of the ~1 year
light curve history. Flare-VI (A) has three prominent major peaks, which are labeled as
P1, P2, and P3. The maximum peak flux is (6.48 & 0.77)x10~7 ph cm~2 s~! at MJD
58,614.23 £ 0.60. The rise timescale of peak P2 is longer than the decay timescale, implying
an asymmetric temporal profile. Flare-VI (B) exhibits four distinct peaks (P1, P2, P3, and P4),
and the maximum peak flux is (5.35 + 0.46) x 10~ phem 2 s~ ! at MJD 58,708.16 + 0.48. All
peaks show a marked symmetric temporal profile. All modeling parameters are described
in Table 1.

3.6. Duration of the Shortest Flux Variability

To obtain the duration of the shortest flux variability, the 2-day and 1-day binned
light curves are scanned by the comparison of consecutive light curve points using the
following equation:
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F(tz) = F(t)2(7 ' (27h) @

where doubling/halving (indicated by “+” and “-”, respectively) the timescale is indi-
cated by 7, and F(t;) and F(t;) are the fluxes at consecutive time instants ¢, and #;,
respectively. We use a condition to scan the one-day binned light curves; the flux is
doubled /halved between two successive instants of time with the TS values of > 25 (cor-
responds to ~5c0 detection). Scanning results are provided in Table 2. The fastest rise
timescale is 0.20 & 0.02 day (4.8 & 0.48 h) during MJD 56,700.66-56,701.66, and the shortest
decay timescale is —0.22 £ 0.03 day during MJD 58,561.66-58,562.66.

Table 2. The results of the minimum timescale of doubling/halving by scanning the 1-day binned
light curves for each flare. Here, column (5) is the characteristic timescale, and it is estimated by
Equation (2). Column (6) is the redshift-corrected doubling /halving timescale, namely, 7, = T/ (1 + z).
The uncertainty of the timescale is calculated by propagating the uncertainty in the flux and time
values through Equation (2). Column 7 suggests whether the variability event is an increase (rise) or
a decrease (decay) in the flux.

Tstart (t1) Flux Start (F;) Titop (t2) Flux Stop (F) T T, Rise/Decay
(MJD) (10~7 phecm—2571) (MJD) (10~7 phem—2s571) (day) (day)
Flare-I
55,102.66 543+ 124 55,103.66 2.72 +0.83 —1.00 £ 0.11 —0.40 £ 0.04 D
Flare-II
55,866.66 291 +£0.95 55,867.66 712 £ 1.45 0.77 £0.11 0.31 £ 0.04 R
55,867.66 712 +£1.45 55,868.66 3.34 +0.82 —0.91 £+ 0.05 —0.36 = 0.02 D
55,868.66 3.34 +0.82 55,869.66 6.80 +1.24 0.97 + 0.09 0.38 + 0.03 R
55,869.66 6.80 +1.24 55,870.66 3.19 £ 0.89 —091 £0.12 —0.36 + 0.05 D
Flare-1I1
56,146.66 481 + 148 56147.66 2.16 + 1.00 —0.87 £0.17 —0.34 £ 0.07 D
Flare-IV
56,637.66 340 +1.33 56,638.66 1.28 +0.90 —0.71 £0.23 —0.28 +0.09 D
56,665.66 441 +1.30 56,666.66 1.71 +£1.10 —0.73 £0.27 —0.29 £ 0.11 D
56,666.66 1.71 £ 1.10 56,667.66 3.51 +1.17 0.97 £ 0.42 0.38 £ 0.16 R
56,700.66 1.35 £ 0.67 56,701.66 5.32+1.77 0.51 + 0.06 0.20 + 0.02 R
Flare-V
57,042.66 493 +1.18 57,043.66 224 +0.84 —0.88 £ 0.15 —0.35 £ 0.06 D
57,051.66 2.09 +0.37 57,052.66 4.68 +1.22 0.86 £+ 0.09 0.34 £+ 0.04 R
57,055.66 512+ 134 57,056.66 1.73 £ 0.90 —0.64 £0.15 —0.25 £ 0.06 D
57,056.66 1.73 £ 0.90 57,057.66 5.37 £ 1.16 0.61 +0.16 0.24 + 0.06 R
57,062.66 9.37 + 1.61 57,063.66 4.50 +1.13 —0.94 £ 0.16 —0.37 £ 0.06 D
Flare-VI
58,480.66 7.14 +1.20 58,481.66 3.02 £ 0.81 —0.81 £+ 0.09 —0.32 +0.04 D
58,545.66 274+ 1.15 58,546.66 5.62 +1.30 0.97 +0.25 0.38 + 0.10 R
58,547.66 5.38 + 1.63 58,548.66 2.35+0.97 —0.84 £ 0.11 —0.33 £ 0.04 D
58,554.66 447 £+ 1.06 58,555.66 10.61 +1.48 0.80 + 0.09 0.32 + 0.04 R
58,555.66 10.61 +1.48 58,556.66 5.10 £ 1.10 —0.95+0.10 —0.37 £ 0.04 D
58,561.66 7.54 +1.61 58,562.66 223 +0.83 —0.57 £ 0.07 —0.22 +0.03 D
58,587.66 3.97 +0.87 58,588.66 1.94 £0.70 —0.97 £0.19 —0.38 +0.08 D
58,588.66 1.94 +£0.70 58,589.66 4.03 =091 0.95 £ 0.18 0.37 £ 0.07 R
58,601.66 3.40 + 1.11 58,602.66 7.02 £ 1.65 0.96 £ 0.12 0.38 £ 0.05 R
58,617.66 5.72 +1.38 58,618.66 2.55 +1.01 —0.86 = 0.16 —0.34 £+ 0.06 D
58,642.66 2.25 +0.81 58,643.66 4.61 +1.03 0.97 £ 0.18 0.38 + 0.07 R

3.7. Flux Variations at Different Energy Bands

It is interesting to note that the IC scattering occurs in the Thomson regime when
the emission region is located in the molecular torus (MT) region, while it occurs in the
Klein-Nishina (K-N) regime when the emission region is located within the broad-line
region (BLR) [30,31]. This difference implies an energy-dependent cooling timescale for
emission regions embedded in the MT region or BLR, and results in a time lag between the
cooling of the MeV and GeV components for the y-ray flare. To investigate the possibility
of energy-dependent cooling timescales, we extract the y-ray flux below and above 1 GeV
energy from Flare-I to Flare-VI. The results are shown in Figure 3 with low-energy and high-
energy fluxes. To obtain the potential time lag below and above the 1 GeV flux variations,
we employ the Python command line tool developed by Sun et al. [32] to compute the
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cross-correlation function (CCF)/discrete correlation functions (DCFs). This method does
not need to interpolate in the temporal domain, and can be used to probe correlations
in two time series data that are unevenly sampled. The unbinned discrete correlation
functions (UDCFs) are defined with the following equation:
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i i i b
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Figure 3. CCF calculated for the 2-day or 1-day light curves within the 0.1-1 GeV and 1-300 GeV
energy bands. The top-left, top-middle, and top-right present the correlations of Flare-I (binned in
2-day periods), Flare-II (binned in 2-day periods), and Flare-III (binned in 1-day period), respectively.
The bottom-left and bottom-right present the correlations of Flare-V (binned in 2-day periods) and
Flare-VI (binned in 2-day periods). CCCD is the cross-correlation centroid distribution. CCPD is the
cross-correlation peak distribution.

(Lli — ﬁ) (b] — E)
22
\/(0“3 —e2)(o; —ep)
where 4; and b; represent two discrete time series of the light curves, @ and b are the
means of the time series, and ¢; and oy, are the standard deviations. e, and e, denote the

measurement errors associated with each light curve. Each pair of (a; — b;) is from the
light curves that fall within the time lag bin defined by T—A7/2 < At;; < 7+A7/2, where

UDCF;; = @)
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Atjj = tj—t; is the pairwise lag, 7 is the time lag, and AT is the bin width. The DCF of each
time lag T is defined as

DCF(t) = % Y UDCF;;(7) (4)

where M is the number of pairs in the bin for which At;;, the standard deviation of each
bin, is defined as

U’DCF(T) = ﬁ \/Z [UDCF” — DCFZJ] 2 (5)

The resultant DCFs for Flare-I to Flare-VI are shown in Figure 3. The uncertainty of
the time lag is determined using a model-independent Monte Carlo method. We draw
10,000 random samples from a normal distribution for each data point of the light curve.
Then, we generate 1000 subsets that are randomly sampled from the light curves, and
obtain the time lags from n = 1000 simulations [33,34]. Based on 1000 time lags, we obtain
a cross-correlation centroid distribution (CCCD) and a cross-correlation peak distribution
(CCPD), as shown in Figure 3.

The light curves from Flare-I and Flare-VI between 0.1-1 GeV and 1-300 GeV exhibit
positive time lags which are 0.4fg:}1 and 1.3f%g days (top-left panel and bottom-right panel
in Figure 3), implying that the 0.1-1 GeV flux is delayed with respect to the 1-300 GeV flux.
However, the light curves from Flare-V exhibit negative time lags which are —1.6f‘11;0. Itis
worth pointing out that these delay times have a large amount of uncertainty in the DCF,
implying that it is not possible to draw strong conclusions about the DCF peak at 0. To
interpret any observed lag in the DCF as evidence for energy-dependent cooling timescales,
we need to assume that the flux increasing in both energy bands occurs at the same time. A
closer inspection of the light curves in Figure 3 (top-left panel and bottom-right panel) finds
that the 0.1-1 GeV flux peaks ~2 days before the 1-300 GeV flux. The DCFs for Flare-II
and Flare-IlI seem to have a peak at a time lag of 0, which suggests that there is no energy
dependence on the cooling timescale, implying that the -ray emission region is located in
the BLR [35] with the IC scattering occurring in the Klein-Nishina regime.

4. SEDs of the Flares

The flares’ SEDs are analyzed over several epochs of the flaring activity. We adopt two
different photon spectra functions to fit the SEDs with the below form:
1. A power law (PL) defined as

dAN(E)/dE = N, (E/E,) " 6)

with E, =100 MeV.
2. A log-parabola (LP) defined as

dN(E)/dE = No(E/Eg)~*Pn(E/Fo) @)

with Ep = 300 MeV, where « is the photon index at Ey, and § is the curvature index.

Figure 4 exhibits the y-ray spectra of the different states with the 7-day binned light
curves. The y-ray spectra show a clear deviation from the PL model except for Flare-I,
which instead displays curvature features with the LP model. The significance levels of the
spectral curvature from Flare-II, Flare-III, Flare-V, and Flare-VI are larger than 3¢. Similar
results were also found for other Fermi blazars [7,8].

The origin of the y-ray spectral curvature detected by the Fermi-LAT in many blazars
is still an open question. Many theoretical models are proposed to explain the observed
spectral curvature. Some are extrinsic factors, such as the attenuation of y-rays via photon—
photon pair production on Hej; Lyman recombination lines in the BLR [36], the y-y
absorption of Hej; + Hj from the full BLR [37], and a transition of inverse Compton
scattering from the accretion disk (in the Thomson regime) to the disk emission reprocessed
in the BLR (taking place in the Klein-Nishina regime). In this case, the y-ray dissipation
region lies inside the BLR. Sahakyan et al. (2020) modeled the spectral energy distribution
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of B3 1343+451 with quiescent and flaring periods, and assumed a compact emitting region
outside the BLR, implying that the above models do not explain the spectral curvature
of B3 1343+451 [38-40]. However, using an equipartition approach, the observed spectral
curvature may arise from the onset of Klein—Nishina effects on the Compton scattering of
BLR photons, and, with the continuously curving electron energy distribution given by a
log-parabola function, this continuously curving electron energy distribution derives from
stochastic acceleration processes with radiation and escape [41]. In these intrinsic factors,
the observed spectral curvature from B3 1343+451 is likely due to a cutoff in the energy
distribution of particles that produce the y-ray emission.
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Figure 4. y-ray SEDs of B3 1343+451 during the different states defined in Figure 1. These states are
fitted by a PL (green lines) and LP (orange dashed curves). Their respective best-fitting parameters

are given in Table 3.
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Table 3. Fermi-LAT SEDs of the different activity states from the 7 d binned light curves, as defined in
Figure 1.

PL
Activity F(> 100 MeV) r TS -Log(likelihood)
(10~7 phcm—2s71)
Flare-1 218 £0.11 2.35+0.04 1410.14 263,828.31
Flare-II 454+ 0.13 2.11 4+ 0.02 6216.89 283,549.25
Flare-III 4.89 £0.16 2.07 £0.03 4895.07 192,150.31
Flare-IV 2.67 +0.11 2.12 4+ 0.03 3133.49 319,569.29
Flare-V 333+£0.11 2.26 £0.03 4085.73 342,531.76
Flare-VI 2.94 +0.05 222 4+0.01 15,868.70 1,572,236.40
LP
Activity F(> 100 MeV) « B TS -Log(likelihood) ALog(likelihood)
(10~ phcm—2s71)
Flare-1 212+0.11 226+£0.07 0.06+0.03 1412.02 263,826.34 -1.97
Flare-II 429 +0.13 193+0.04 01040.02 6237.64 283,531.64 —17.60
Flare-III 4.63 £0.17 1.90 £0.02 0.08 £0.02 4911.49 192,138.98 —11.33
Flare-IV 2.55 +£0.11 2.01 £0.05 0.05+0.02 313530 319,565.29 —4.00
Flare-V 318 £0.11 2124+0.05 0.094+0.02 4095.35 342,522.71 -9.05
Flare-VI 2.81 £0.05 2.09 £0.02 0.08£0.01 15,900.80 1,572,205.50 —30.90

5. Results and Discussion

We use 15 years of observations from the Fermi-LAT to explore the high-energy emis-
sion properties of B3 1343+451. We identify six major flares and calculate the decay and
rising times of peaks. It is found that 15 peaks have rising and decay times of a few days,
two peaks have sub-day rising and decay times, and one peak has rising and decay times
above 10 days. The SEDs of all the flare phases are fitted with PL and LP models.

The brightest flare is observed during 23 July 2012-25 September 2012. The highest
peak flux is (8.29 £ 0.49) x 1077 ph cm 2 s with a symmetric temporal profile. The
fastest rise and decay timescales are 0.20 £ 0.02 day (4.8 £ 0.48 h) and 0.22 + 0.03 day
(5.28 £ 0.72 h), respectively. Some similar studies reported light curves of 3C 273, 3C 454.3,
PKS B1222+216, and S5 0836. The fastest flux-doubling timescale of the source can be used
to constrain the size of the emission region. The size of the y-ray-emitting region can be
estimated by

R < ctyard/ (14 2) (8)

where z is the redshift of the source. The typical Doppler factors of § ~ 10-30, which are
obtained by superluminal motion speeds, are observed in radio Very-Long-Baseline Interfer-
ometry (VLBI) monitoring observations [42,43]. The variability time f,,;, is the fastest halv-
ing/doubling timescale. Here, we adopt the redshift-corrected decay timescale 4.8 & 0.48 h.
The radius of the emission region R is estimated as ~5.18 x 10!°~1.56 x 10'® cm, which
is less than the estimated value R ~ 4.16 x 10'® cm given by Sahakyan et al. (2020) with
0 ~ 26. Such small emission region sizes are rather difficult to accommodate in the standard
framework, where the emission takes place at very large distances (~10-20 pc) from the
central engine [30,44] unless the collimation angle of the jet is extremely small. For a blazar,
the bulk Lorentz factor I generally approximates as I' ~ ¢; thus, an upper limit on the
viewing angle of the jet can be estimated as 6;,; ~ 1/6. Considering the typical Doppler
factors of 6 ~ 10-30, we obtain the viewing angle 6;,; ~ 1.9°-5.7°.

The distance of the emission region can be constrained by using the observed vari-
ability timescale d, ~ 2ctpar T2/ (1 + z). Here, the bulk Lorentz factor I' ~ §. Considering
6 ~ 10-30, we obtain d,, ~ 0.01-0.09 pc. Considering a conical geometry, using the opening
angle 6y 2 R/d-, we obtain an upper limit on the distance of the y-ray emission region d.,
~ ctyard /8jet (1+2) ~ 0.00008-0.0007 pc. It is worth pointing out that the R and 6}, values
found in this section could be smaller since the variability timescale t,,, only gives a lower
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limit. Our results suggest that the location of the y-ray emission region may be close to the
central black hole.

The DCF shows that the y-ray emission regions of Flare-II and Flare-III with a time
lag of 0 are located in the BLR. The DCFs from Flare-II and Flare-VI with a positive time lag
and Flare-V with a negative time lag have a large amount of uncertainty, implying that we
still cannot know whether the y-ray region is located in the BLR or MT region. Here, we
do not analyze the cross-correlation between optical, radio, and y-ray. Some research has
stated that observed radio/y-ray correlations can be attributed to jet components that are
being newly ejected from the central engine and a quadratic dependence of the amplitude
of the y-ray variability with respect to that of the optical, which favors an SSC explanation
(see [45,46]). Although Wu et al. [29] found that the y-ray spectrum is better reproduced
when the dissipation region of the jet is located in the molecular torus, we find that the data
of broadband SEDs from the seven flares are not simultaneous. In this case, the result of
Wu et al. (2024) is controversial.

Figure 5 shows the histogram of all the 7-day binned flux data points and all the
photon energy above 10 GeV and the peak fluxes, as also enumerated in Figure 1 and
Table 1. In Figure 5a, we show that the flux distributions have a slowly rising part up to the
peak and a fast-decaying part beyond the peak. Similar results were found for sources PKS
1510-089 and 3C 454.3, researched by Tavecchio et al. (2010) and Prince et al. (2017) [30,44].
Figure 5b shows the histogram of high-energy photons. Pezzuto et al. (2023) obtained
that the best-fitting model is the power law for photon energy [47]. The peak fluxes are
distributed around a mean of 4.99 + 1.60 x 107 ph cm 2 571 as shown in Figure 5c.

Figure 6a shows a histogram of the rise and decay times (see Table 1). We can clearly
see that the distributions of the rise and decay times are not Gaussian. The rise and decay
times are distributed with means of 4.17 & 2.76 days and 4.97 + 4.29 days, respectively.
In Figure 6b, we show that a large number of peaks exhibit a symmetric temporal profile,
which implies that the time of the jet plasma entering/leaving the standing shock is the
same. The symmetric temporal profiles observed for the flares from source B3 1343+451
suggest that the rise and decay timescales are dominated by a disturbance from a dense
plasma blob passing through the standing shock front in the jet region. However, in order to
complete the blazar’s flare process, the symmetric temporal profiles may be due to double
action from a disturbance from a dense plasma blob passing through the standing shock
front in the jet region and a jet moving within and out of the line of sight of observation.
The asymmetric temporal profiles are expected to arise from the fast injection of accelerated
particles, namely ¢, (acceleration timescales) < ¢, (cooling timescale). We also plot the
histogram redshift-corrected doubling/halving timescale T, (see Table 2) with means of
0.33 & 0.05 and 0.33 = 0.06 days in Figure 6c¢.
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Figure 5. (a) Histogram of all the 7-day binned flux data points. (b) Histogram of all the photon
energy above 10 GeV. (c) Histogram of peak fluxes from Table 1.
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Figure 6. (a) Histogram of rise and decay times from Table 1. (b) Histogram of the symmetry factor
(¢) from Table 1. (c) Histogram of the rise and decay times from the fastest variability timescale from
Table 2.

6. Summary

In this paper, we study the long-term light curve and spectral variations of B3 1343+451
using the data collected by the Fermi-LAT between 2008 and 2022. Six major flares
with many substructures are detected in the weekly binning. The light curves with 2-
day and 1-day binning are further studied to explore the triggering mechanism(s) and
the physical properties of the emission regions. The shortest variability timescale of
0.20 & 0.02 day is found, which can put a constraint on the size of the emission region of
R ~5.18 x 10'°-1.56 x 10'® cm. We also obtain that the y-ray emission region is located at
d ~ 0.00008-0.09 pc. The results of the DCFs appear to show that Flare-II and Flare-IIl have
no energy dependence on the cooling timescale. However, Flare-1, Flare-V, and Flare-VI do
not have strong evidence of energy dependence on the cooling timescale. The SEDs are
fitted with two different functional forms of a PL and LP. We find that the best-fit model
is the LP form for Flare-1II, Flare-IIl, Flare-V, and Flare-VI, with a curvature significance of
>30, but the SEDs of Flare-I and Flare-IV can reasonably be described by the PL model.
Our results indicate that the emission regions vary from one flare to another, which is
consistent with earlier results. The y-ray flaring activity may be triggered by the interaction
of moving blobs of plasma and shock. Further combined multiband contemporaneous
(optical, radio, and X-ray) observations are needed to identify the origin of the y-ray flaring
activity clearly and put a stronger constraint on the location of the emitting region.
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Appendix A. Identifying the 1-Day and 2-Day Binned Light Curves

Here, we present the 2-day binned light curves of Flare-I, Flare-II, Flare-V, and Flare-VI
and the 1-day binned light curves of Flare-III, which are described in Sections 3.1-3.5.
Considering that statistical fluctuations tend to dominate at the short timescales, all peaks
are identified by the BB algorithm with the false alarm rate parameter py = 0.05 (95%).
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Figure Al. The 2-day binned light curves of Flare-I, Flare-II, Flare-V, and Flare-VI and the 1-day
binned light curves of Flare-III. The peaks are identified by the BB algorithm with the false alarm rate

parameter pg = 0.05.

! https:/ /fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi (Accessed on 12 December 2022).
2 https:/ /fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html (Accessed on 20 December 2022).

3 https:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html (Accessed on 20 December 2022).
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