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Abstract

We present the results of an extensive 7-ray data analysis of the emission from the blazar S5 07164714 with the
primary motivation to study its temporal and spectral variability behavior. In this work, we extract a 10 days binned
~-ray light curve from 2008 August 4 to 2016 April 27 in the energy range of 0.1-300 GeV and identify six
outburst periods with peak flux of >4 x 10~ phcm ?s~' from this highly variable source. The brightest flares
are identified by zooming in these outburst periods to 1 day binning and using the Bayesian Blocks algorithm. The
fastest variability timescale is found to be 1.5 + 0.3 hr at MJD 57128.01 £ 0.01 with a peak flux above 100 MeV
of (26.8 + 6.9) x 10~ phem 2s~'. No hint of periodic modulations has been detected for the light curve of
S5 0716+714. During the outburst phases, the y-ray spectrum shows an obvious spectral break with a break
energy between 0.93 and 6.90 GeV energies, which may be caused by an intrinsic break in the energy distribution
of radiating particles. The five highest-energy photons, with E > 100 GeV, imply that the high-energy emission
from this source may originate from a moving emission region in a helical path upstream in the jet. The spectral
behavior and temporal characteristics of the individual flares indicate that the location of the emission region lies in

the sub-parsec scale (7, < 0.85 pc).

Unified Astronomy Thesaurus concepts: Blazars (164); BL Lacertae objects (158); Relativistic jets (1390)

1. Introduction

Blazars, including BL Lac objects and flat-spectrum radio
quasars, whose relativistic jets are pointed close to our line of
sight, represent a small subclass of active galactic nuclei
(AGNs), which are extremely variable objects in the sky (e.g.,
Blandford & Konigl 1979; Urry & Padovani 1995). The highly
luminous, rapid, and variable broadband flux of blazars is
observed throughout the entire electromagnetic spectrum. The
spectral energy distributions (SEDs) of blazars are dominated
by nonthermal emission and consist of two distinct compo-
nents: a low-energy component with a peak between
submillimeter and UV /X-rays, and a high-energy component
with a peak at MeV-GeV energies. It is widely believed that
the low-energy component of the SED is due to synchrotron
emission from relativistic electrons, whereas the origin of the
high-energy component is still a matter of debate. Therefore,
two classes of models, leptonic models (see, e.g., Finke et al.
2008; Ghisellini et al. 2010; Ding et al. 2019; van den Berg
et al. 2019) and hadronic models (see, e.g., Bottcher et al. 2013;
Cao & Wang 2014; Dermer et al. 2014; Cao et al. 2020), are
widely used to explain the high-energy emission.

The blazar S5 07164714, discovered in 1979 by Perley et al.
(1980), is one of the brightest BL Lac objects observed in the
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~-ray band. No emission or absorption lines were identified in
this source, and it is highly variable from radio to ~-ray
energies (Wagner et al. 1996). Its redshift, z = 0.31 £ 0.08,
was estimated by using its host galaxy as a standard candle
(Nilsson et al. 2008). Danforth et al. (2013) set a statistical
upper bound of z < 0.32 with a 95% confidence for this source
by using Hubble Space Telescope observations. This source is
classified as an intermediate-synchrotron-peaked blazar
(ISP:10" Hz < 1}y < 10" Hz) in the ILAC, 2LAC, and
4LAC catalogs (Abdo et al. 2010b, 2010c; Ackermann et al.
2011), but a low-synchrotron-peaked blazar in the 3LAC
catalog (LSP: V., < 10" Hz).” It is a famous intraday
variability (IDV) source in the radio and optical bands with
different timescales from hours, months, to even years (see,
e.g., Xie et al. 2002; Gupta et al. 2012; Dai et al. 2015). Its IDV
in radio bands is attributed to interstellar scintillation (Bignall
et al. 2003). High optical polarization of ~29%-30% and
periodic variability on different timescales have also been
observed (see, e.g., Raiteri et al. 2003; Rani et al.
2010, 2011, 2013a). Rani et al. (2013a) found that the optical
spectrum of S5 07164714 tends to be bluer with increasing
brightness.

The first y-ray detection and variability measurement of
S5 0716+714 came from the Energetic Gamma Ray Experi-
ment Telescope on board the Compton Gamma Ray Observa-
tory (Lin et al. 1995). It is also well detected by other y-ray
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observatories, such as AstroRivelatore Gamma a Immagini
Leggero (AGILE; Chen et al. 2008), the Major Atmospheric
Gamma Imaging Cherenkov Telescopes (MAGIC; Anderhub
et al. 2009), and the Fermi Gamma-ray Space Telescope (see,
e.g., Abdo et al. 2009a, 2009b, 2009c, 2010c). Its high-energy
spectra (X-ray and ~-ray) can be well described by a log-
parabola (LP) or a broken power law (BPL; Ackermann et al.
2011; Rani et al. 2013b; Wierzcholska & Siejkowski 2016).
The combined GeV-TeV spectrum of S5 0716+714 might
exhibit absorption-like features in the energy range of
10-100 GeV. (Sentiirk et al. 2011, 2013) fitted the GeV-TeV
spectrum using a power law (PL) with absorption from line
emission of HI + He II. However, a double-absorption scenario
does not provide an improved fit over the Hell single-line
absorption. In a full broad-line region (BLR) absorption model,
they found that absorption from the He Il complex seems to be
dominant.

The high-energy ~-ray flaring behaviors from 07164714 and
other blazars are complex. Some studies that attempted to
understand broadband flaring activity of S5 0716+714 have
been done (see, e.g., Rani et al. 2014, 2015; Chandra et al.
2015). However, we still do not have a clear understanding of
the exact origin of blazar variability, especially the location and
origin of the -ray flares. Short-timescale v-ray variability is
one important step in understanding the physical ~-ray
mechanisms of blazars (Aharonian et al. 2017; Bottcher 2019).
The ~-ray properties of some blazars have been studied with
minute-scale and hour/sub-hour scale ~-ray variability (see,
e.g., Aleksi¢ et al. 2011; Ackermann et al. 2016; Prince et al.
2017; Shukla et al. 2018; Ding et al. 2019). These studies
implied that the short-timescale ~-ray variability may be
produced in a compact high-energy emission region located
far away from the black hole, at the edge or outside of the BLR.
Moreover, the observed rapid variability may suggest the
dissipation of a magnetic island or collimated proton beams
from turbulent plasma at the end of the magnetic nozzle
(Shukla et al. 2018). Therefore, it is valuable to investigate
short time variability and spectral properties of S5 07164714
in the y-ray band, which will allow us to constrain the location
of the ~-ray emission region and explore the origin of high-
energy emission.

In the present work, we report a long-term study of the
source using GeV observations made by the Fermi Large Area
Telescope (LAT). Specifically, we focus on the individual
outburst phases observed between 2008 August and 2016
April. Although some outburst phases of S5 07164714 have
been studied before, a comprehensive analysis that includes all
its outburst phases, short-timescale characteristics, and spectral
evolution has not been presented in the literature. We identify
six major outburst phases in the energy band >100 MeV during
2008-2016, and we analyze the short-timescale characteristics
and spectral evolution from four of these outburst phases in
detail. Hour-scale timescale and a sharp break energy with high
significance are first found, and their possible physical
implications in the y-ray band are discussed.

The framework of this paper is as follows. In Section 2, we
provide a brief description of the observations and the data
reduction. The results on the flux variability of S5 0716+714 are
shown in Section 3. The v-ray spectra are presented in Section 4,
and a discussion of our results is provided in Section 5. Finally, a
summary is given in Section 6. A flat A cold dark matter
(ACDM) cosmology with Hy = 69.6kms ' Mpc ™', ,, = 0.29,
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Qa =0.71, Q,, = 0 is used in this paper (Planck Collaboration
et al. 2014).

2. Fermi-LAT Observations and Data Reduction

The data used in this study were obtained from the Fermi-
LAT public data server.'” The LAT is the primary instrument
on the Fermi Gamma-ray Space Telescope. It is a pair-
conversion y-ray telescope with an energy range from 20 MeV
to more than 300 GeV, and it can scan the entire sky in
approximately 3 hr with a field of view of ~2.4 sr. This
configuration allows for the study of the high-energy properties
of AGN and the short time evolution of 7-ray sources. For a
detailed description of the LAT detector, see Atwood et al.
(2009).

In this paper, we analyze ~-ray data collected between 2008
August 4 and 2016 April 27 (MJD = 54682-57505) in the
0.1-300 GeV energy range. We use the standard procedures
described in the Fermi-LAT documentation'' to analyze the data
with the LAT analysis software ScienceTools v10r0Op5
with P8R2_SOURCE_V6 instrument response func-
tions. Photons are selected in a circular region of interest
(ROI) of 10° radius centered at the location of S5 0716+714.
Only photon-like events classified as evclass = 128, evtype =
3 are selected. A zenith angle cut of <90° is used to remove the
contamination of the background 7-rays from the Earth limb.
We include all the sources from the Fermi-LAT Third Source
Catalog (3FGL; Acero et al. 2016) within 20° of S5 07164714
in our model file. The parameters of point sources within
10° of S5 0716+714, either the normalization only, or other
spectral parameters, are left to vary freely during the likelihood
fitting. The parameters of all sources outside the ROI are fixed
to the values published in the 3FGL catalog. We use an
unbinned maximum likelihood technique to investigate the
photon flux and index variations. There are four sources with
a detection significance (maximum likelihood test statistic
(TS)'?) of TS > 25 in the ROI, namely, 3FGL J0841.4+7053,
3FGL J0855.4+7142, 3FGL J0814.74+6428, and 3FGL J0805.4
+7534. The normalized parameters for these sources are freed in
the fits with 7 days and 1 days binning. When some data points
exhibit non-convergence in the process of gtlike, we fix
photon indexes and normalized parameters for these sources with
TS > 25 lying within 10° except for the target source. For
sources with TS values less than 25, their photon indexes and
normalized parameters are fixed regardless of their location. The
isotropic background model iso_P8R2_SOURCE_V6_v06.
txt and the Galactic diffuse-emission model g11_iem v06.
fits are used"? (Acero et al. 2016). In addition, we reanalyze the
data, including all sources from the latest Fermi-LAT Fourth
Source Catalog (4FGL catalog; Ajello et al. 2020) to check if any
of the new 4FGL sources in the region around S5 07164714 are
significant enough to affect the analysis. We find no significant
difference in the two cases.

We perform different spectral analyses of several epochs of
flaring activity by fitting the -ray spectra with the PL, LP (Ey: the
peak energy fixed at 440 MeV), or BPL function forms over the
0.1-300 GeV range by using the Unbinned Likelihood analysis

10 https: //fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

" hitps: / /fermi.gsfc.nasa.gov /ssc/data /analysis/

12 7S = 2(log £ — log £(0)), where £ and £(0) are the likelihood with and
without the source.

13 https: //fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Figure 1. The light curve and the high-energy photons of S5 0716+4-714. Top panel: light curve in 0.1 < E., < 300 GeV during 2008 August 4 ~ 2016 April 27 (MJD
54682-57505) using the LP model with 10 days bins. Bottom: the distribution of photons with E > 10 GeV with different significance levels of 3o (green circles) and
40 (red triangles). The numbers 1-5 represent photons with energy of E > 100 GeV, implying S5 07164714 has Very High Energy (VHE; E > 100 GeV) emission.
Shaded regions indicate the six active phases studied in this work. The gray dashed line presents £ > 100 GeV.

Table 1
Details of the Six Major Outburst Phases and Highest-energy LAT Photon in Each Phase

Phase Dates MID Energy (GeV)/Date R.A. Decl. Probability
Phase I 2011 Jan 31-Dec 7 55592-55902 71(MJD:55673.29) 110.537 71.360 99.993%
Phase II 2012 May 14-Oct 12 56061-56212 89(MIJD:56170.12) 110.489 71.356 99.996%
Phase III 2013 Mar 20-Jul 6 56371-56479 95(MJD:56391.13) 110.464 71.234 99.737%
Phase IV 2014 Feb 3-May 24 56691-56801 81(MJD:56766.26) 110.315 71.333 99.942%
Phase V 2014 Dec 30-2015 Jul 18 57021-57221 109(MJD:57174.72) 110.513 71.326 99.993%
Phase VI 2015 Sep 6-2016 Jan 25 57271-57412 136(MJD:57400.58) 110.728 71.270 99.831%

package. These functlons are described on the Fermi Science
Support Center website.'* We use the TSqyve value, which is
calculated as TScuwe = 2(log L(LP/BPL) — log L(PL)), t
evaluate the significance of spectral curvature (Nolan et al.
2012).

3. Variability of S5 07164714
3.1. Long-term Light Curve

In Figure 1(a), we plot a 10days binned light curve of
S5 07164714 above 100 MeV using the procedures described
in Section 2. The light curve exhibits significant flux variability
throughout the whole 2008-2016 (~8 yr) period. Six high-
activity periods with peak fluxes above 4 x 10~ ph cm 25!
are found (see Table 1), which allow us to investigate the
evolution of outbursts with a shorter temporal resolution, down
to ~3 hr (i.e., the single sky survey time for LAT).

* https: / /fermi.gsfc.nasa.gov /ssc/data /analysis /scitools /source_
models.html

We calculate the probabilities that the detected photons with
energies £ > 10GeV are associated with S5 0716+714 by
using gt srcprob. Figure 1(b) shows those photons that have
probabilities greater than 30. The high-energy photons during
the outburst phases are listed in Table 1. The five highest-
energy photons, with measured energies greater than 100 GeV,
are displayed and numbered in Figure 1(b). The highest-energy
photon was detected with the energy of 207 GeV, implying that
the electrons in the jet are accelerated to higher energies,
assuming a leptonic scenario for production.

3.2. Identifying the Flares of S5 0716+714

For the six outburst periods, when we zoom-in to 1 day
binning, some substructures, and various phases are clearly
seen in Figure 2, including the quiescent, pre-flare, inter-flare,
flare, and post-flare. The interval before the flaring is defined as
“pre-flare,” the interval between the two flares is defined as
“inter-flare,” and the interval after the last flare is defined as the
“post-flare.”
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Figure 2. Light curves with daily binning for Phases I, II, IV, and V. The red lines represent the threshold value (F + 2 X Fyue—disp)- The strong flares exceeding the
threshold value are identified from the block representation, which are shown with the blue-violet-shaded regions. The green-shaded regions represent monotonically
decreasing sets of adjacent block, which are a part of identified flares. Here, considering Flare 1 of Phases IV and V exhibit a significant outburst behavior with the
duration of ~7 days, they are not a part of identified Flare 2 of Phases IV and V. The horizontal orange dashed lines represent the average flux. The blue lines represent
the BB with the false alarm rate parameter p, = 0.05. Points with TS < 4 are not shown.
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Figure 3. Top panels: the 12 hr and 6 hr binned light curves of Flare 1 (MJD 57031.01-57041.92) and Flare 2 (MJD 57041.92-57050.34) of Phase V. Bottom panels:
the 12 hr, 6 hr, and 3 hr binned light curves of Flare 3 (MJD 57113.02-57122.93) and Flare 4 (MJD 57122.93-57133.99) of Phase V. For the top and bottom left
panels, the peaks are identified by the BB algorithm with the false alarm rate parameter po = 0.05 (the blue lines) and py = 0.32 (the lime-green dashed lines). The red
lines represent the threshold value (F + 1.5 x Firue—disp)- The strong flares exceeding the threshold value are identified from the block representation, which are
shown with the blue-violet-shaded regions. The green-shaded regions represent monotonically decreasing sets of adjacent block, which are a part of identified flares.
The horizontal orange dashed lines represent the average flux. For the upper and bottom right panels, the 12 hr, 6 hr, and 3 hr binned light curves are fitted with the
sum of exponentials from Equation (2). The royal blue lines represent the total fit. The color lines correspond to the contribution of single components in the total fit.
The orange-shaded regions represent the 68% confidence bands. The gray lines represent the constant flux.

Nalewajko (2013) defined the flare as a continuous period of
time with the flux greater than half of a given flux peak.
However, this definition requires that every two flares must be
separated and thus cannot treat overlapping flares. Here, we
adopt the Bayesian Blocks (BB) algorithm to identify the flares
for the source S5 0716+714. The BB method proposed by
Scargle (1998) can divide a data set comprising N, photon
elementary cells into N, longer blocks. A simple nonparametric
analysis model with an improved and generalized version of
the BB algorithm has been proposed to find the optimal

segmentation of the data in the whole observation interval
(Scargle et al. 2013). This algorithm is also included in the
astropy.stats'® and astroML packages. The BB algo-
rithm with some improvements has been applied to all the
photon event data in high-energy astrophysics, including time-
tagged events, binned counts, and time-to-spill data, with no
lower limit on the timescale (see, e.g., Ahlgren et al. 2019;
Kerr 2019; Meyer et al. 2019). In this work, we adopted

15 https://docs.astropy.org/en/stable/apiastropy.stats.bayesian_blocks.html
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Table 2
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Peak T, Ty To Fy T, 13 Doubling Time
(day) (day) (MID) 107" phem 257! (MID) (T, x In 2)(hr)

Flares 1 and 2 (12 hr binned)

P1 2.57 £ 0.58 1.82 + 0.63 57038.66 5.0+0.8 57038.29 £ 0.40 —0.17 £ 0.20 427+ 9.6

P2 1.01 £ 0.38 2.06 + 0.55 57045.16 6.3+ 1.1 57045.64 £+ 0.26 0.34 + 0.20 16.8 + 6.3

P3 0.32 £ 0.16 0.30 £ 0.13 57048.66 8.1+24 57048.66 £+ 0.10 —0.03 £ 0.33 53+27
Flares 1 and 2 (6 hr binned)

P1 1.96 + 0.48 1.25 + 047 57038.91 45+09 57038.56 £+ 0.30 —0.22 £ 0.21 32.6 + 8.0

P2 1.07 £ 0.36 1.40 + 041 57045.41 59+12 57045.57 £+ 0.26 0.13 £ 0.22 17.8 £ 6.0

P3 0.19 + 0.11 0.33 £0.13 57048.66 89 +29 57048.72 £+ 0.07 0.27 + 0.32 32+ 1.8
Flares 3 and 4 (12 hr binned)

P1 0.70 £+ 0.14 0.49 £+ 0.11 57118.66 123+ 19 57118.55 + 0.08 —0.18 £ 0.15 11.6 £ 2.3

P2 0.105347 0.29 + 0.08 57127.66 1.1 +£2.4 57127.73 £ 0.03 0.49 + 0.39 16738
Flares 3 and 4 (6 hr binned)

P1 0.31 £0.10 0.38 £0.11 57118.66 16.7 £ 4.0 57118.69 £ 0.07 0.10 £ 0.21 52+1.7

P2 0.11 + 0.05 0.14 £+ 0.05 5712791 20.2 + 6.0 57127.92 £+ 0.03 0.12 + 0.28 1.8 £ 0.8
Flares 3 and 4 (3 hr binned)

P1 0.37 + 0.08 0.43 + 0.09 57118.66 150 £ 2.5 57118.69 £ 0.06 0.08 + 0.15 62+ 1.3

P2 0.09 £ 0.02 0.05 £ 0.02 57128.03 26.8 + 6.9 57128.01 £ 0.01 —0.29 £ 0.21 1.5+03

Note. The standard deviations of T, and Ty are obtained by light curve fitting with Equation (2). As the timescales are strictly positive (i.e., 7 and T; > 0), the
maximum value of lower errors is equal to the values of 7, and T We adopted asymmetric error bars, namely, the upper errors and the maximum lower error, and

corresponding doubling times are also considered.

3 T T T

- N

o

log rms?/(mean? day™)

log Frequency (day™)

Figure 4. Red line: PSD of the full 10 days binned light curve. Blue line:
average PSD of the six phases from the 1 day binned light curves. Red dashed
line: PL fit to the average PSD of the six phases in the 1 day binned light
curves. The error in lower frequencies is estimated from the rms scatter of the
frequency points in the logarithmic bins, and for the higher frequencies the
error is based on the rms scatter of the 6 PSDs used to compute the averaged
PSD. As the number of Fourier frequencies in each logarithmic bin decreases
toward the lower frequencies the errors become correspondingly more
uncertain. The lowest frequency bins lack error bars since they contain only
one Fourier frequency.

directly the BB algorithm from the astropy.stats to
implement identification of flares, with the false alarm rate
parameter p, = 0.05 for 1 day binning light curves.

In order to obtain the time range of the flare, we consider
monotonically decreasing sets of adjacent blocks. We adopt the
“burst_def” function from Ivan Kramarenko’s algorithm to

select time ranges of the flares.'® In this algorithm, an iterative
approach is used to split the points into two sets, low-state
points and everything else (anti-set) as implemented in the
“burst_def” function. At the start of the algorithm, every point
is in the low-state set. In each iteration, the time averaged flux
of the low-state set F is calculated, as well as the absolute
deviation of each point in the low-state set from this average
(abs(F-F)). The maximum of this deviation is called Fisp and
the associated point is moved from the low-state set into the
anti-set. This is iterated until F;gp /Fang < 0.25, where F; is
the mean flux of the anti-set. The flare group is also obtained by
calculating the dispersion of the low-state group. If the flux
levels of the block from the flare groups are less than
F + 2 x Firue—disp (dispersion of low state)) for the 1day
binned light curves, these flares are too weak and we remove
them from the flares group. Finally, we can distinguish the flare
groups from the low-state groups in all the BBs.

We also extract 12 hrand 6 hr binned light curves of all
flares and find that Phases IIl and VI do not exhibit a
sufficiently significant outburst in 12hr and 6 hr binning.
Therefore, we do not study short-timescale variability of Phases
IIT and VI. Because the statistical fluctuations may tend to
dominate in the short-timescale variability, we adopt the false
alarm rate parameter both p, = 0.32 and py = 0.05 to identify
peaks in 12 hr, 6 hr,and 3 hr binning. Here, we adopted
po = 0.32 to select peaks. If the flux levels of the block from
the flare groups are less than (F + 1.5 x Frue—disp) for the
12 hr and 6 hr binned light curves, these flares are removed
from the flares group. Moreover, data points with TS < 4 are
rejected from the light curve analysis. (Note the factor 1.5

16 https: //github.com/fermi-lat/BayesianBlocks
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Figure 5. Gamma-ray SEDs of Phases I-VI of S5 07164714, as defined in Figure 1(a), which were fitted by the PL (orange lines), LP (violet dashed—dotted lines),
and BPL (magenta dashed lines) spectral models. Their best-fitting parameters are given in Table 3.

compared to 2.0 for the daily binning. Empirically, we find that
larger values, like 2.0 or 3.0 missed some flares, while a
smaller value identifies too many weak features.) Since Flares 1
and 2 during Phase IV and Flares 1 and 2 and Flares 3 and 4
during Phase V are located in a continuous time interval, the
flares are combined for these phases with 12 hr and 6 hr binning
to conveniently study the evolution characteristics of the short-
timescale variability and the spectra from the flares.

3.3. Flux Variability

To probe the evolution of outbursts with a finer time
resolution that depends on the v-ray brightness of the source,
we use the following function to fit the time profile of a single
flare (Abdo et al. 2010d):

F(t) =2 Fy[eT0/T 4 ot-T0)/Tf]-1, e

In this function, F, is the flux at time T, representing the
approximate flare amplitude. T, approximately describes the
time of the peak (i.e., it corresponds to the actual maximum
only for symmetric flares), while 7, and T represent the
characteristic timescale of the rise and decay of the flares,
respectively.

In fact, it is hard to handle the statistical fluctuations,
especially for the very short timescales. Some multiple peaks
are also found in the light curves of S5 0716+714. In order to
fit the multiple peaks, we first identify each individual peak by
the BB algorithm. Then we fit each individual peak component

by the function provided in Equation (1) and obtain the best-fit
parameters of the function. Finally, the total function for the
multiple peaks is obtained by including n individual peak
components and one constant background component. There-
fore, the form of the multiple peaks can be defined as

F(t) =2 Fy[e®0/T 4 o=T5)/Tf-1
+ 2 F[e@D/Tn 4 ot=T)/Tx]~1
+ 4 Fe. )

The constant flux (F¢) is obtained by fitting a constant.
Although the minimum flux observed over time also could be
taken as the constant flux, it is a rather crude measure. The
subsequent fitting of light curves was performed by fixing the
peak position.

Following the fit method above, we fix the location of each
individual peak component to fit the 12 hr, 6 hr, and 3 hr binned
light curves with Equation (2). In general, the values of the x>
divided by the number of degrees of freedom (ndf) are between
~1 and ~2 (see Table 8 in Appendix A). The 12hr and 6 hr
binned light curves cannot be well fitted by Equation (2) if the
values of the Xz/ndf are too large. In this case, we add some
substructures peaks to improve the fit. In fact, the profiles of
~-ray flares with the short-timescale variability can be described
better by adding some substructures, which allows us to better
describe the flare’s properties and explore the y-ray emission of
S5 0716+714.
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Table 3
Results of the Spectra Using Model Fitting for Phases I —VI
Fitting Model T/a/v B/ Epreax AT —2A(n L) F(>100 MeV) Curvature
(GeV) T, —TY) (1077 phem 257" Significance
Phase I (MJD: 55592.00-55901.88, 0.85 years)
PL 2.10 £ 0.01 2.63 + 0.05
LogP 2.02 £ 0.02 0.05 £ 0.01 28.8 2.52 + 0.06 540
BPL 1.97 + 0.03 2.26 £+ 0.04 0.93 + 0.10 0.29 + 0.05 29.1 2.53 + 0.06 5.00
Phase IT (MJD: 56061.90-56212.04, 0.41 years)
PL 2.00 £+ 0.01 4.19 £+ 0.08
LogP 1.94 £+ 0.02 0.03 + 0.01 16.4 4.06 + 0.09 4.00
BPL 1.96 + 0.04 2.40 + 0.11 6.90 + 0.57 0.44 +0.12 19.4 4.12 £ 0.64 4.00
Phase III (MJD: 56372.06-56479.87, 0.29 years)
PL 2.12 £ 0.03 2.86 + 0.11
LogP 2.05 + 0.04 0.05 + 0.02 6.3 2.75 £ 0.12 2.50
BPL 2.05 £+ 0.04 248 + 0.16 2.58 £+ 0.56 0.43 +0.16 8.1 2.77 £ 0.12 240
Phase IV (MJD: 56692.10-56801.88, 0.30 years)
PL 1.99 + 0.02 2.62 + 0.09
LogP 1.96 + 0.04 0.01 £ 0.01 1.2 2.58 +0.10 l.lo
BPL 1.96 + 0.05 2.15 £ 0.12 5.37 £ 0.89 0.19 £ 0.13 2.1 2.59 + 0.21 0.90
Phase V (MJD: 57022.01-57222.11, 0.55 years)
PL 1.98 £+ 0.01 3.39 + 0.07
LogP 1.92 + 0.02 0.03 + 0.01 16.4 3.28 + 0.08 4.00
BPL 1.92 £+ 0.02 2.27 £ 0.07 393 +£ 047 0.35 + 0.07 22.8 3.31 £ 0.07 440
Phase VI (MJD: 57272.06-57412.04, 0.38 years)
PL 1.96 + 0.02 2.72 £ 0.08
LogP 1.84 + 0.03 0.06 + 0.01 29.2 2.54 + 0.08 570
BPL 1.80 + 0.06 2.14 + 0.06 1.11 + 043 0.34 + 0.09 26.8 2.56 + 0.08 4.80

Note. A(In L) is half of TS¢yve. We follow Wilks’ theorem to estimate the significance, i.e., twice the difference between the log(likelihood) values for the two
spectral models is formally distributed as x? with An degrees of freedom, where An is the difference in the number of degrees of freedom between the two models

(Rani et al. 2013c).

The time (7,,) of maximum of a flare is calculated by the
following equations :

T, (T;
T,=T+ ——In[L], 3)

T+ \T

where T}, is equal to Ty when T, = T The total duration of a
flare can be estimated by Ty ~ 2 (T, + T;). The symmetry of a
flare can be described as
Ty + T,

where |£| < 1. The parameter ¢ can be used to define three
different profiles: (1) if || < 0.3, the flares have a symmetric
temporal profile; (2) for moderately asymmetric flares,
0.3 < |£] < 0.7; and (3) for markedly asymmetric flares,
0.7 < |§] < 1.

3.3.1. Variability of Phase I

Figure 2(a) presents the light curve of Phase I with 1 day
binning. Three flaring periods (Flare 1, Flare 2, and Flare 3) can
be clearly identified by the BB algorithm, and have peak fluxes
of greater than 8 x 10~ phcm 2s™', which allow us to
analyze the evolution of outbursts with fine time resolution. A

pre-flare phase is observed with increasing flux from MIJD
55592.66-55621.15. Inter-flares 1 and 2 with some substruc-
tures are observed from MID 55632.67-55745.97 and
55761.00-55849.98, during which the flux is less than
5% 10" phem 2s™'. A post-flare is observed from MJD
55859.66-55882.66, during which the flux decreased
gradually.

We also extract light curves of all flaring periods with 12 hr
and 6 hr bins, which are shown in the top panel and middle
panel of Figure 8 in Appendix A. We find that Flares 1 and 2
have three distinctive peaks: P1, P2 and P3, where the flux
exceeds 4.7 x 107" phem 2s™'. Flare 3 consists of two
peaks, P1 and P2, as shown in the bottom panel of Figure 8 in
Appendix A. The highest fluxes are (14.1 £ 4.2) and
(12.1 £3.9) x 107" phem™?s™' at MID 55854.11 and
55854.35 for the 12 hr and 6 hr bins, respectively. The shortest
variability timescale during Phase I is (2.3 £ 1.7 hr) with a
symmetric temporal profile. All the values of the fitted
parameters are shown in Table 5 in Appendix A.

3.3.2. Variability of Phase II

Similar to Phase I, we also show the 1day binned light
curves of Phase II in Figure 2(b). Four flaring periods (marked
as Flares 1-4) that have duration of a few days to two weeks,
can clearly be seen in Figure 2(b). Pre-flare and post-flare



THE ASTROPHYSICAL JOURNAL, 904:67 (30pp), 2020 November 20 Geng et al.

T T T 22 T T T T T 23 T
® Photon Spectral Index
(— Linear Fit

T T T T T
© Photon Spectral Index Phase V[1 day binned]

|— Linear Fit
215
22F (9 b

2
18l Xoindf=2.32

N rp(Pearson correlation coefficient) = -0.82 T 100 |
19 x/gdi=186 | . s P=0.384 X2indf = 0.33
rp(Pearson correlation coefficient) = -0.8: 17F 4 185 | "P(Pearson correlation coefficient) = -0.96
P=0019 P =0.003

T
Phase 1 [1 day binned] © Photon Spectral Index

Flare I [1 day binned] Phase IV [1 day binned]
—— Linear Fit

@ ®

15t 4

T T
© Photon Spectral Index
—— Linear Fit

(@)

N

ol

©

Photon Spectral Index ()
Photon Spectral Index ()

4
X2indf = 1.99

rp(Pearson correlation coefficient) = -0.36
P =0.386

Photon Speciral Index ()
Photon Spectral Index (T)

16 L L L L L L L L L s L L L
10 15 20 25 30 35 40 45 50 55 1 2 3 4 5 6 7

107 2G4 , 107 2G4
Flux [x107 ph cm™s™] Flux [x10” ph cm?s”] Flux [x107 ph cm™s™]

Flux [x107 ph cm?s™]
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the post-flare, respectively, as marked in Figure 2(d). The red lines represent the linear fitting. The corresponding reduced x> and Pearson correlation coefficients are

shown in the plots. All points have been fitted by the PL model.
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Figure 7. Panel(a): change of the spectral slope, AT, as a function of the flux. Panel (b) AT as a function of the break energy. Panel (c): break energy as a function of
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phases were also observed between MJD 56092.66-56109.66
and 56185.66-56212.66, during which substructures could be
clearly seen. Inter-flare 1 was observed from MID
56122.66-56137.66, during which the flux was close to a
constant (average flux: 2.4 x 10~ phem Zs™ 1.

The 12 hr and 6 hr binned light curves of the flares are shown in
the top panels of Figures 9 and 10 in Appendix A. Three peaks,
P1, P2, and P3, are observed during the Flare 1 period with 12 hr
and 6 hr binning (see the top panel of Figure 9 from Appendix A).
These peaks are identified by the BB algorithm, where the
maximum observed fluxes are (6.7 £ 1.7) and (7.3 + 2.3) X
10~ phem2s~! at MID 56112.70 and 56116.38 with 12 hr and
6 hr binning, respectively.

The 6 hr binned light curve of Flare 2 in the middle panel
of Figure 9 in Appendix A exhibits two peaks P1 and P2
with peak fluxes of (10.2 +4.3) and (16.6 £ 5.9) x
10 7phem ?s™' at MJD 56141.22 and MJD 56142.13,
respectively. Their flux-doubling times are 1.8 + 1.2 and
2.0 = 1.2 hr. Flare 3 has three distinct peaks: P1, P2, and P3 at
MIJD 56152.80, 56156.08, and 56158.63 for 12 binning light
curves, and have flux values of (4.6 + 1.4), (7.4 + 1.3), and
(5.1 £ 1.6) x 107" phem s, respectively. For 6 hr binning
light curves, two peaks P1 and P2 at MJD 56156.51 and
56158.89 can clearly seen in the bottom panel of Figure 9 in
Appendix A, whose rise timescales are larger than the decay
timescales. Two major peaks P1 and P2 are observed during the

Flare 4 period at 12 hr binned time, where the fluxes are
(52+1.5) and (6.7 + 1.4) x 107 "phem ?s™' at MID
56179.28 and 56182.90. Three major peaks: P1, P2, and P3
are observed for 6 hr binned light curves of Flare 4, where the
highest flux is (11.5 £3.7) x 10" phecm ?s~' at MID
56184.12, and with the doubling timescale of 2.5 £+ 1.0 hr
(see the top panel of Figure 10 in Appendix A). The modeling
parameters for these periods are described in Table 6 in
Appendix A.

3.3.3. Variability of Phase IV

The 1day binned light curve of Phase IV is shown in
Figure 2(c). A pre-flare phase, where the flux is close to the
quiescent state (average flux: 1.5 x 107" phcm s '),
extends from MIJD 56692-56749, after which the source
entered into an outburst phase. Two flares (Flare 1 and Flare 2)
can be clearly seen during MJD 56750.21-56759.09 and
56759.09-56772.66.

The light curves of the flares are also constructed with 12 hr and
6 hr binning. The light curve with 12 hr binning is comprised of
three peaks, P1, P2, and P3, at MJD 56755.44, 56762.64, and
56766.14, respectively, and whose correspondin% peak fluxes are
(4.7 + 1.6), (6.6 + 1.3),and (14.4 4 3.5) x 10~ 'phcm *s ', as
shown in the bottom panel of Figure 10 in Appendix A. The 6 hr
binned light curve has three peaks, P1, P2, and P3 at MID
56755.52, 56763.13, and 56766.18, respectively, with peak fluxes
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of (5.6 + 2.1), 3.8 &+ 0.9), and (16.1 + 4.2) x 10~ " phem s~ ",
respectively. Their doubling times are 5.8 & 2.5, 7.3 £ 3.8, and
2.7 &+ 1.0 hr, respectively. All modeling parameters are described
in Table 7 of Appendix A.

3.3.4. Variability of Phase V

The 1day binned light curve of Phase V displays seven
variability patterns (a pre-flare, Flare 1, Flare 2, an inter-flare,
Flare 3, Flare 4, and a post-flare) in Figure 2(d). The pre-flare
and post-flare phases are observed with some substructures
between MJD 57030.66-57049.66 and 57113.66-57133.66,
respectively. The pre-flare phase includes two states, namely,
an active state and a quiescent state (average flux of
1.5 x 10" phem 25 1).

We also extract 12 hr and 6 hr binned light curves of Flares 1
and 2 (see the top panels of Figure 3). Three peaks, P1, P2, and
P3, are observed in the 12 hr and 6 hr binned light curves,
where the maximum observed fluxes are (8.1 = 2.4) and
(8.9 £29) x 10 "phem ?s™' at MID 57048.65 and
57048.72 with 12 hr and 6 hr binning, respectively. Their light
curves exhibit symmetric temporal profiles except for P2 of
12 hr binning.

The 12 hr, 6 hr, and 3 hr binned light curves of Flares 3 and
4 are also extracted in Figure 3 (bottom panel). Two peaks, P1
and P2, are clearly seen for the light curves of three different
time bins. The peak fluxes of P2 are larger than the flux values
of Pl. The highest peak flux of (26.8 £ 6.6) x
107 phem s~ is found at MJD 57128.01 with 3 hr binning.
The flux-doubling times of P2 are (1.6 £ 2.8) hr, (1.8 £ 0.8)
hrm and (1.5 £ 0.3) hr with 12hr, 6 hr and 3 hr binning,
respectively. All the peaks in the 6 hr and 3 hr binned light
curves exhibit a symmetric temporal profile. The modeling
parameters are given in Table 2.

Table 8 in Appendix A shows additional information about
the fitting of the flares in the various phases. The xz/ndf
indicates that the fitting is reasonably good in all cases.

3.3.5. Power Spectrum Density

To explore the nature of the variability and to search for
periodicity, a power spectral density (PSD) analysis method is
used (Vaughan 2005; Chidiac et al. 2016). The PSD of the full
10 days binned light curve is shown together with the average
PSD of the six phases in the 1day binned light curves
(Figure 4). The shift between the two PSDs in the frequency
range where they overlap corresponds to a 1.7 times higher
fractional variance (variance/(mean square)) in the flaring state
(blue line: the 1 day binned data segments) relative to that of
the total light curve (red line: the 10 days binned light curve).
The power-law fit (magenta line) to the high-frequency part of
the outburst PSD has a slope of & = —1.5 £ 0.2 (uncertainty
based on standard deviations from the bin averaging). Although
the combined PSD seems to indicate some feature or break
below 1/1072 days, this feature may be an artifact of the
selection of flare light curves due to the increasing statistical
and systematic uncertainties toward lower frequencies. The
PSD analysis does not indicate the presence of periodic
variations in the source.

4. Time-resolved SEDs

We fit SEDs of S5 07164714 during different active states
with three different models (PL, LP, and BPL). The SEDs of
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Phases I to VI as marked in Figure 1(a) are shown in
Figures 5(a)—(f). The different colored lines (orange lines,
violet dashed—dotted lines, magenta dashed lines) represent the
different fitting models (PL, LP, and BPL), respectively. Their
corresponding fitted parameters are given in Table 3. They
show spectral breaks, where the range of break energies is
between 0.93 GeV and 6.90 GeV. Their TSy values with
respect to the PL model are between 16.4 and 29.2
(corresponding to significances that exceed 4 o) except for
Phases IIT & IV. We therefore conclude that both the BPL and
LP models better describe the y-ray spectral shapes than the PL
model.

The same spectral models are also applied to shorter time
intervals of Phases I, II, IV, and V. The corresponding ~-ray
SEDs and the fitted parameters are shown in Figures 13—16 and
in Tables 10-12 in Appendix C, respectively. These spectra
also show a hint of the curved or break shapes at the different
states, although the corresponding significance levels are less
than 3 o. A possible reason is the poor photon statistics at
shorter timescales, but we cannot also rule out other possible
causes, including a combination of different factors such as jet
dynamics or the geometry of substructures in the emission
region (Tanihata et al. 2001; Kushwaha et al. 2014).

A significant spectral hardening with higher flux is also seen
during Phases I, II, IV, and V. Using the PL fit for these short
intervals, the photon index (I') changes are 2.17 £ 0.05 to
1.93 £ 0.04 (Figure 6(a)), 2.07 £0.04 to 1.92 +0.04
(Figure 6(b)), 2.10 4 0.08 to 1.92 4+ 0.04 (Figure 6(c)) and
2.09 £ 0.06 to 1.91 £ 0.03 (Figure 6(d)), respectively. Similar
behavior was also found for some other bright Fermi blazars,
like 3C 279 (Paliya 2015a), S5 0836-71 (Paliya 2015b),
3C 454.3 (Britto et al. 2016), PKS 1510-089 and CTA 102
(Prince et al. 2017, 2018).

The variations of the difference of spectral slopes (AI') with
respect to the photon flux, the break energy (Epreax), or the
highest photon energy for the six strong outburst phases are
shown in Figure 7. We do not find any significant variation in
AT with respect to the flux, Ey., or the highest photon
energy during Phases I to VI. For the different activity periods
during Phases I, II, IV, and V, we also do not find any
significant variation in AD' with respect to the flux and to
Epreax, neither in Ep,c With respect to the photon flux (see
Figure 17 of Appendix C). This is similar to what has been
found for other Fermi blazars (Ackermann et al. 2010; Rani
et al. 2013c¢).

5. Discussion

We have used 8 years of observations with the Fermi LAT to
explore the high-energy emission properties of the BL Lac
S5 0716+714. The motivations for this study are: (i) to
investigate both the short and long-term variations in the
source, (ii) to explore its spectral variations, and (iii) to
pinpoint the location and origin of the observed y-ray flares in
the source.

5.1. N-Ray Variability

The source exhibits y-ray flux and photon index variations over
multiple timescales. Long-term and short-term variability are
observed. The typical flux-doubling timescales of fast flares is
found to be 1.5-3 hr. Some similar studies were reported for the
light curves of 3C 273, 3C 454.3, PKS B1222+4-216, and S5 0836
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Table 4
The Calculated Parameters for All Flares

Outburst Period tyar HE Photon " Smin R 0 Almax y

(hr) (GeV) o~ erg em2s7h (10" cm) (uas) (hr) (pc) (pc) (pc)
Phase I 23+ 1.7 71 3.0 4.8 3.0 0.6 3.1 0.024 0.04 0.23
Phase 1T 1.8 +12 89 1.5 4.7 2.3 0.5 42.5 0.019 0.03 0.85
Phase IV 27+ 1.0 81 2.0 4.6 35 0.7 8.4 0.028 0.05 0.38
Phase V 1.5+03 109 5.0 54 2.0 04 21.8 0.016 0.03 0.61

Note. The various jet parameters (8, R, 0, r,) are estimated by the shortest variability timescale, the contemporaneous maximum photon energy and the
contemporaneous X-ray flux. X-ray fluxes are based on results from Rani et al. (2013a) and observations from the Boston University Blazar Group (http://www.bu.
edu/blazars/VLBAprojecthtml). The columns 9-11 represent the location of the emission region, calculated by the equations r, ~ 2ctyI2/(1 + 2),
Fy ~ Ctyar6 /0 (1 + 2) and 7, < 2.3 x 1080 [Atmacne Lyras/(1 + 2)'/2]'/2 respectively.

+71 (Foschini et al. 2011; Rani et al. 2013c; Paliya et al. 2015d;
Britto et al. 2016). The fastest y-ray flare observed from this source
has a flux-doubling timescale of 1.5 &= 0.3 hr at MJD 57128.01
with peak flux (26.8 & 6.9) x 107" phcm ?s~'. Such 7-ray
flares with similar timescales also were observed for many other
bright Fermi blazars, including 3C 273, 3C 454.3, PKS B1222
4216, and S5 0836471, PKS 15024106 (see, e.g., Abdo et al.
2010a; Foschini et al. 2010, 2011, 2013; Brown 2013; Paliya et al.
2015d, 2015c; Ding et al. 2019). This source also follows the
typical “harder-when-brighter” trend during different activity
states.

We do not find any hint of periodic modulation in the light
curves. The PSD analysis (Section 3.3.5) of the long-term
(10 days binned) and short (1 day binned) flux variations is
found to be consistent with a red-noise slope/index of —1.5.
The fractional variance for the 1 day binned data is compara-
tively high, which suggests higher variability power during the
episodes of rapid flares.

Another feature of the light curves is the temporal profile of
flares. For S5 07164714, all the flares with the 12 hr and 6 hr
binned light curves are symmetric within the error bars (see
Table 2 and Tables 5-7 of Appendix A), which is consistent
with the results of long-term outbursts (Chatterjee et al. 2012;
Roy et al. 2019) and is slightly different from results of short-
timescale variability (Roy et al. 2019). This symmetric
temporal profile suggests that the rise and decay timescales
are dominated by the crossing time of radiation or a disturbance
through the 7-ray emission region. An asymmetric temporal
profile would be expected if caused by a fast injection of
accelerated particles and a slower radiative cooling or an escape
from the emission region (Sikora et al. 2001). Roy et al. (2019)
found that the majority of the short-term (~1 day) flares in their
study exhibit an asymmetric temporal profile, indicating that
the asymmetric temporal profile may be due to the gradual
acceleration of the particles to the GeV energy band or the
change of the width of the emission region and the bulk
Lorentz factor of the plasma. The symmetric flares of S5 0716
4714 suggest that the relevant timescale is the light-crossing
time of the emission region, which can be explained by the
superposition of several episodes of short duration. It has also
been suggested that different amounts of Doppler boosting for
different shells in the emission region may also be responsible
for the asymmetry of ~-ray flares (Nalewajko et al. 2014).
Moreover, the flare with the slower rise timescales than the
decay timescales (negative £) may be attributed to the gradual
acceleration of particles to the GeV energy band, indicating that
the radiation cooling timescale is shorter than the acceleration
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timescale. The increased cooling time may cause a faster rise
timescale than the decay timescale (positive &), which may
imply a change in the bulk Lorentz factor of the plasma or the
width of the shocked region (Roy et al. 2019). Therefore, the
observed y-ray flares in the S5 07164714 may originate from a
combination of different physical processes.

5.1.1. N-Ray Doppler Factor

We can constrain the Doppler factor by using the highest-
energy detected ~-ray photon. The high-energy photons can
interact with lower-energy photons by pair production, if the
bulk of the high-energy emission (v-rays and X-rays) is
produced in the same emission region. The maximum cross
section of this process is ~o7/5 (Svensson 1987), where o7 is
the Thomson cross section. If the optical depth 7,,(v) of the
photon field is 7., () < 1, the minimum Doppler factor can be
estimated as (Dondi & Ghisellini 1995; Finke et al. 2008;
Ackermann et al. 2010; Ding et al. 2019):

1
a—1 22« 2 6—2a
57 > [2 (1 + Z) O'TdL Efsyn:| , (5)

21
Mo Cyar €

where « is the power-law index of the synchrotron flux
(™ <€), a~ =2, m, is the electron mass, and
€ = Epax/(m.c?) is the dimensionless energy of a ~-ray
photon with highest energy E... when the optical depth of
the emitting region is 7,,(v) = 1. The luminosity distance d.
that corresponds to z = 0.31 £ 0.08 is d;, = 1.55 Gpc (Jorstad
et al. 2017), ., is the shortest observed doubling/halving
timescale, and it is approximately equal to 7, X In2 (see, e.g.,
Rani et al. 2013c). We obtain 6, > 4.6-5.4 (see Table 4),
which is quantitatively consistent with the result (6, > 5.9)
from Dondi & Ghisellini (1995). Rani et al. (2013a) discussed
the variability properties of S5 07164714 from radio to v-ray
wavelengths and derived a Doppler factor 6, > 9.1 above
200 GeV and 6., > 9.8 above 400 GeV. The estimated 6., value
is comparable to dyipr = 6-21 observed by Rani et al.
(2014, 2015).

5.1.2. Size of the Emission Region

The fastest flux-doubling timescale of the source can be used
to constrain the size of the emission region. The size of the
~-ray emitting region can be estimated by

R< ¢ty §/(1 + 2). (6)
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Using 6 = 15.6 £ 4.0 estimated by radio VLBA observations
(Jorstad et al. 2017), we derive an upper limit on the size of the
~4-ray emission region radius R ~ 2.0-3.5 x 10"° cm during
the different outburst phases. The upper limit on the angular
size [mas] of the emission region can be calculated by Rani
et al. (2013a, 2013c) as:

0 < 0.173 2 §(1 + 7) mas
dy,

(N

We obtain 6 =~ 0.4-0.7 pas during the different outburst
phases, which is much smaller than the range of the core sizes
0.07-0.09 mas at 15 GHz and 0.01 mas at 230 GHz observed
by Lee et al. (2017). This result implies that the origin of
emission is likely different for the ~-ray and radio bands.

5.2. Origin of the Spectral Break/Curvature in S5 0716+714

The 7-ray spectra of the source significantly deviate from a
PL (see Figure 5) and show GeV spectral breaks. The origin of
spectral breaks is still a matter of debate. Many theoretical
models are proposed in the literature to explain the observed
spectral breaks (Ding et al. 2019).

The attenuation of +-rays via photon-photon pair production
on Hell Lyman recombination lines within the BLR may be
responsible for the observed breaks (Poutanen & Stern 2010).
Sentiirk et al. (2011) proposed that the -y absorption of the
full BLR also can produce the observed spectral breaks if the
~-ray dissipation region lies inside the BLR. The GeV spectral
breaks also observed in many bright Fermi blazars, like 3C
454.3, 3C 279, 4C +21.35 etc. were also interpreted by the
attenuation of y-rays via photon-photon pair production and
~-7 absorption of the full BLR models. On the other hand,
MAGIC Collaboration et al. (2018) reported that the VHE
emission from S5 0716-+714 originated in the entrance and exit
of a superluminal knot in and out of a recollimation shock in
the inner jet, which is attributed to a shock in the helical jet
downstream of the core. This TeV result suggests that the
origin of the -ray emission within the BLR may be ruled out.

Alternatively, the GeV spectral breaks could also be
explained as a transition of inverse Compton scattering from
the accretion disk (in the Thomson regime) to disk emission re-
processed in the BLR (taking place in the Klein—Nishina
regime) (Finke & Dermer 2010). This model focuses on the
powerful FSRQs with luminous BLRs. However, for S5 0716
+714 the BLR is probably weak due to an inefficient accretion
process in BL Lac objects.

Abdo et al. (2009¢) proposed that the spectral break could be
attributed to radiative cooling. A key feature of the radiative
cooling break is that the change of spectral slope (AT) is close
to 0.5. For the six major outburst phases and the different
activity states, only a few values are close to 0.5. Therefore, it
is difficult to reconcile the constancy of the break energy with
respect to the photon flux variations within the cooling break.
From this we conclude that the observed spectral breaks in
07164714 are unlikely to have an intrinsic origin associated
with radiative cooling.

A spectral break can be produced if there is a cutoff/
curvature in the energy distribution of particles. Using an
equipartition approach, the GeV break 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
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curving electron energy distribution derives from stochastic
acceleration processes with radiation and escape (Cerruti et al.
2013; Dermer et al. 2014). Therefore, the GeV spectral breaks
of S50716+4714 are likely due to a break in the energy
distribution of particles, based on the measured ~-ray spectral
shapes.

5.3. Location of the Gamma-Ray Emission Region

We can constrain the location of the emission region by using
the observed fastest variability timescale, although this approach
may not apply to cases with very rapid variability (e.g., Aleksi¢
et al. 2011). The location of the emission region can be estimated
by r, < 2ctye [?/(1 + z). Using I' = 14.0 + 3.7 (Jorstad et al.
2017), we obtain r., ~ 0.016-0.028 pc for the different outburst
phases. By considering a conical geometry, the opening angle
can be derived as i 2 R/r, (Ackermann et al. 2010), and
thus 7, = c¢tyar 6 /0 (1 + z). Using § = 15.6 + 4.0, and O =
1240 £ 0230 (Jorstad et al. 2017), we estimate the value of 7., to
be r, ~ 0.03-0.05 pc.

The energy dependence of a falling timescale T of a flare can
also be used to estimate the location of the ~-ray emission
region (Dotson et al. 2012). By considering that the maximum
decay time difference is between a high-energy Eyg and a low-
energy Epg, the condition that Aty,x > TALE)-T{HE) can be
used to derive an upper limit for the location r., of the 7-ray
region [cm]:

®)

where T(LE) and T{HE) represent the falling timescale of the
flare at low energy and high energy, respectively. Lyr4s is the
molecular torus (MT) luminosity in units of 10* erg s~', which
can be taken to be a fraction 10% of the accretion disk
luminosity (1.8 x 10* erg s*l). Here, I'; is the bulk Lorentz
factor in units of 10, I'; = 1.40.

For S5 0716+714, we find that the 12 hr binned light curves
do not show a significant flare profile, in particular for the
1-300 GeV energy band. Therefore, we fit the 12 hr data from
Flare 3 of Phase I, Flares 2—4 of Phase II, Flares 1 and 2 of Phase
V and Flares 3 and 4 of Phase V, because these light curves show
a significant flare profile for the 0.1-1GeV and 1-300 GeV
energy bands. Only Flares 3 and 4 of Phase V among these light
curves show a significant flare profile in the 6 hr binned time for
the 0.1-1 GeV and 1-300 GeV energy bands, so we only fitted
6 hr binned data from the Flares 3 and 4 as marked in the 1 day
binned light curve of Figure 2(d). The light curves fitted by
Equation (2) and the best-fitting results are listed in Figures 11,
12 and Table 9 of Appendix B. Therefore, the allowed range of 7,
from the outburst Phases I, II, IV, and V by using the above
methods is 0.016-0.23, 0.019-0.85, 0.028-0.38, and 0.016-0.61
pc (see Table 11 of Appendix C), respectively.

Our results therefore suggest that the location of the y-ray
flaring activity observed in S5 07164714 lies within
0.016-0.85 pc of the central engine. Based on the upper limit
to the disk luminosity of S5 0716+714 of 1.8 x 10* erg s™'
(Ghisellini et al. 2010), we can obtain that the BLR scale radius
is Rprr = 10'7L}/% = 0.01pc. Therefore, the location of the
emission region lies in the sub-parsec scale near the outer edge
or well outside the BLR, which is consistent with results from
Rani et al. (2014, 2015) (where the distance of the ~-ray
emission region cannot be larger than 6.5 pc). Rani et al.
(2013a) found that the SSC+-external Compton (EC) model can

ry < 2.3 X 10T [Atax i Ly as/ (1 4 2)'/21/2,
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well describe the broadband SED of the source if the external
radiation field is dominated by Ly-a emission from a putative
BLR with an external radiation field energy density of
107%-107° erg cm 2 sfl, which is factor of ~1000 lower than
what we expect for a typical quasar. This low BLR energy
density may explain the ~-ray spectral breaks in the S5 0716
4714 and be consistent with the non-detection of emission
lines. However, this model does not provide a good fit to the
radio data and the VHE data.

6. Summary

In this paper, we presented a detailed investigation of the ~-ray
flux and spectral variations of the blazar S5 0716+714 for 8
years of Fermi-LAT observations, from 2008 August 4 to 2016
April 27. The source displays significant flaring activity after
2011, with six major outburst phases and many substructures
found in the 10 days binned light curve. Each individual outburst
phase is further studied with the 1 day, 12 hr, and 6 hr binning.
The shortest variability timescale is 1.5 4= 0.3 hr, with peak flux
of (269 + 6.1) x 10~/ phem 25", which is close to the light-
crossing time, indicating a very compact and anisotropic emission
region in the inner jet. The shortest variability timescale is also
comparable to the fast y-ray flares observed in other Fermi-LAT
blazars, which can put a constraint on the size of the emission
region of R ~ 2.0-3.5 x 10" cm and a lower limit of the y-ray
Doppler factor of 0, > 4.6-5.4. Our results also indicate that the
v-ray emission region is located at r,~ 0.016-0.23 to
0.019-0.85 pc, suggesting the emission region lies near or
beyond the outer edge of the BLR.

The short-timescale y-ray flares show symmetric proper-
ties, suggesting the variability may be dominated by the
crossing time of radiation or a disturbance through the
activity region rather than by the acceleration or energy-loss
timescales of the radiating electrons (Chatterjee et al. 2012).
Despite the presence of flaring activity, we do not detect any
periodic behavior in the source light curve. The variations are
well characterized by a red-noise slope of —1.5. The short-
timescale variability may be triggered by the turbulence/
magnetic reconnection, shock-in-jet or interactions of the jet
with external media (see, e.g., Aharonian et al. 2017;
Bottcher 2019; Ding et al. 2019). Multiband synergistic
observational data would be needed to identify such rapid
flaring activity.

The energy of the highest-energy photon observed from the
source in this study was 207 GeV. The five highest-energy
photons with energies greater than 100 GeV have theoretical
implication about the nature of the high-energy ~-ray emission
region, indicating that (1) the -ray emission may be associated
to a component entering and exiting the core region (MAGIC
Collaboration et al. 2018), (2) the evolution of the spectra of
flares lasting approximately months may follow the shock-in-
jet model, (3) the v-ray emission region has a magnetic field of
a few mG (Rani et al. 2013a; Lee et al. 2017).

The SEDs are fitted with three different functional forms:
PL, LP, and BPL. Both the BPL and LP models can better
describe the ~-ray spectral shapes than the PL model. GeV
spectral breaks are observed in the source. The break energies
varied between 0.93 and 6.90 GeV, and show evidence for
curvature with >4¢ significance for Phases I, II, V, and VL
This curvature could be attributed to a break in the energy
distribution of particles. The source also follows “harder-when-
brighter” behavior during the different activity states.
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Our results seem to support the idea that the +-ray emission
region of S5 07164714 varies from one flare to another,
suggesting the presence of multiple y-ray emitting sites in the
source. The phenomenon of emission of many HE photons may
be explained in terms an emission region moving on a helical
path of the jet (Rani et al. 2014, 2015; Raiteri et al.
2003, 2017). The ~-ray flaring activity may be triggered by
the interaction of moving blobs of plasma and shock (Agudo
et al. 2011). Further combined multiband contemporaneous
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. The coming era of multi-
messenger astronomy will provide more high-quality multi-
band synergistic observational data (see, e.g., Burns et al. 2019;
Rani et al. 2019).
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Appendix A
Short-timescale Variability of Phases I, I, and IV

Here, we present the light curves of Phase I, II, and IV with
12hr and 6hr binning, which have been described in
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Figure 8. The 12 hr and 6 hr binned light curves of Flare 1 (MJD 55621.15-55632.67), Flare 2 (MID 55745.97-55761.00), and Flare 3 (MJD 55849.66-55859.66)
from Phase 1. For the upper and bottom left panels, the peaks are identified by the BB algorithm with the false alarm rate parameter p, = 0.05 (the blue lines) and
po = 0.32 (the lime-green dashed lines). The red lines represent the threshold value (F + 1.5 x Firue—disp)- The strong flares exceeding the threshold value are
identified from the block representation, which are shown with the blue-violet-shaded regions. The green-shaded regions represent monotonically decreasing sets of
adjacent block, which are a part of identified flares. The horizontal orange dashed lines represent the average flux. For the upper and bottom left panels, the 12 hr and
6 hr binned light curves are fitted with the sum of exponentials from Equation (2). The royal blue lines represent the total fit. The color lines correspond to the
contribution of single components in the total fit. The orange-shaded regions represent the 68% confidence bands. The gray lines represent the constant flux.
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Figure 9. The 12 hr and 6 hr binned light curves of Flare 1 (MJD 56109.60-56122.66), Flare 2 (MID 56136.66-56148.65), and Flare 3 (MJD 56148.65-56159.66)
from Phase II. For the upper and bottom left panels, the peaks are identified by the BB algorithm with the false alarm rate parameter po = 0.05 (the blue lines) and
Po = 0.32 (the lime dashed lines). The red lines represent the threshold value (F + 1.5 X Frue—disp)- The strong flares exceeding the threshold value are identified
from the block representation, which are shown with the blue-violet shaded regions. The green-shaded regions represent monotonically decreasing sets of adjacent
block, which are a part of identified flares. The horizontal orange dashed lines represent the average flux. For the upper and bottom left panels, the 12 hr and 6 hr
binned light curves are fitted with the sum of exponentials from Equation (2). The royal blue lines represent the total fit. The color lines correspond to the contribution
of single components in the total fit. The orange shaded regions represent the 68% confidence bands. The gray lines represent the constant flux.
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Figure 10. Upper panels: the 12 hr and 6 hr binned light curves of Flare 4 (MJD 56174.15-56185.65) from Phase II. Bottom panels: the 12 hr and 6 hr binned light
curves of Flare 1 (MJD 56750.21-56759.10) and Flare 2 (MJD 56759.10-56722.66) from Phase IV. For the upper and bottom left panels, the peaks are identified by
the BB algorithm with the false alarm rate parameter p, = 0.05 (the blue lines) and py = 0.32 (the lime-green dashed lines). The red lines represent the threshold value
F + 15 x Firue—disp)- The strong flares exceeding the threshold value are identified from the block representation, which are shown with the blue-violet shaded
regions. The green-shaded regions represent monotonically decreasing sets of adjacent block, which are a part of identified flares. The horizontal orange dashed lines
represent the average flux. For the upper and bottom left panels, the 12 hr and 6 hr binned light curves are fitted with the sum of exponentials from Equation (2). The
royal blue lines represent the total fit. The color lines correspond to the contribution of single components in the total fit. The orange shaded regions represent the 68%

confidence bands. The gray lines represent the constant flux.
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Table 5
Best-fitting Parameters of the 12 hr and 6 hr Light Curves of Flares 1-3 of Phase I, as Marked in Figure 2(a)
Peak T, Ty To Fy T, 13 Doubling Time
(day) (day) (MID) 107" phem 257! (MID) (T, x In 2)(hr)

Flare 1 (12 hr binned)

P1 1.08 £ 0.61 1.23 +0.63 55619.16 33+ 1.0 55619.23 £+ 0.43 0.06 + 0.38 18.0 £ 10.1
P2 0.59 £ 0.19 0.33 £0.15 55626.16 70 £ 1.8 55626.03 £+ 0.10 —0.28 £ 0.26 9.8 +£32
P3 0.62 £+ 0.23 0.53 £0.19 55629.66 6.6 £1.7 55629.61 £ 0.15 —0.07 £ 0.26 10.3 £3.8

Flare 1 (6 hr binned)

P1 0.71 £ 0.54 1.25 + 0.68 55618.91 3.0+ 1.0 55619.16 £+ 0.37 0.28 +0.43 11.8 £ 9.0
P2 0.48 £ 0.17 0.28 £0.13 55626.41 73 +£21 55626.31 £ 0.09 —0.26 £ 0.27 8.0£28
P3 0.70 £ 0.32 0.35 £ 0.20 55630.41 46 £1.6 55630.24 £+ 0.15 —0.33 £0.32 116 +£53

Flare 2 (12 hr binned)

Pl 0.45 +0.29 0.39 + 0.25 55748.66 50 +2.1 55748.63 & 0.19 —0.07 &+ 0.45 74+48
P2 0.1875% 0.32 4 0.20 55751.16 6.1 £2.5 55751.22 + 0.13 0.28 + 0.66 29138
P3 0.91 4+ 0.25 0.70 4+ 0.18 55754.66 11.8 +22 55754.55 + 0.15 —0.13 £ 0.18 151 £ 42

Flare 2 (6 hr binned)

P1 0.42 £ 0.24 0.16 £ 0.12 55749.16 47 +£22 55749.04 £+ 0.09 —0.45 £ 0.38 7.0 £ 4.0
P2 0.14 = 0.10 0.19 + 0.09 55751.16 8.0+ 34 55751.18 £+ 0.06 0.15 + 0.42 23 £ 1.7
P3 1.05 £0.22 0.10 £+ 0.04 55755.16 9.7+ 138 55754.94 £+ 0.05 —0.83 £ 0.07 175 £ 1.7

Flare 3 (12 hr binned)

Pl 0.46 + 0.14 0.36 + 031 55854.16 14.1 £ 42 55854.11 % 0.16 —0.12 £ 045 77 +£23
P2 0457034 0.96 + 0.24 55855.66 102 £ 29 55855.89 & 0.20 0.37 + 0.53 7599

Flare 3 (6 hr binned)

P1 0.38 £ 0.12 0.27 £0.19 55854.41 12.1 £3.9 55854.35 £ 0.11 —0.17 £ 0.37 6.3+ 2.0
P2 0.55 £ 045 0.77 £ 0.19 55856.91 9.6 £19 55856.01 £+ 0.23 0.17 = 0.42 9.1 75

Note. The standard deviation of T, and Ty are same as Table 2.

Table 6
Best-fitting Parameters of the 12 hr and 6 hr Light Curves of Flares 1 to 4 of Phase II, as Marked in Figure 2(b)
Peak T, T; To Fy T, & Doubling Time
(day) (day) (MID) 107" phem 257! (MID) (T; x In2)(hr)

Flare 1 (12 hr binned)

P1 0.64 £+ 0.36 0.72 £ 0.47 56112.66 6.7 £ 1.7 56112.70 £ 0.29 0.06 + 0.43 10.6 + 6.0
P2 1.25 £ 0.68 0.50 £ 0.34 56116.16 6.4 £2.1 56115.83 £+ 0.26 —0.43 £ 0.36 20.8 £ 11.3
P3 1.68 £ 1.29 0.95 £0.49 56119.66 5.1 £1.6 56119.31 £ 0.60 —0.28 £ 0.43 279 £ 215

Flare 1 (6 hr binned)

P1 1.36 £ 0.41 1.67 £ 0.78 56113.66 55+10 56113.81 £ 0.43 0.10 + 0.28 226 £ 6.8
P2 0.25 £0.13 0.20 £ 0.11 56116.41 73 +£23 56116.38 £+ 0.08 —0.11 £ 0.37 42 +£22
P3 0.93 + 0.61 0.52 £0.35 56119.66 33+12 56119.46 £+ 0.30 —0.28 £ 0.43 15.5 £10.1

Flare 2 (12 hr binned)

P1 1.05 £ 0.48 1.01 + 045 56141.66 54+14 56141.64 £+ 0.33 —0.02 £ 0.32 17.5 £ 8.0

Flare 2 (6 hr binned)

P1 0.11 £ 0.07 0.26 £ 0.16 56141.16 102 £43 56141.22 £+ 0.06 0.41 = 0.37 1.8 +1.2
P2 0.12 £ 0.07 0.07 £ 0.07 56142.16 16.6 £5.9 56142.13 £ 0.04 —0.26 £ 0.54 20+ 12

Flare 3 (12 hr binned)

P1 0.14 £ 0.13 0.51 £0.22 56152.66 46 +14 56152.80 £+ 0.06 0.56 + 0.35 23+22
P2 0.71 £ 0.18 0.55 £0.23 56156.16 74 +£13 56156.08 £+ 0.14 —0.13 £ 0.24 11.8 £ 3.0
P3 0.56 + 0.37 0.50 £ 0.26 56158.66 5.1 +£1.6 56158.63 + 0.22 —0.06 £ 0.42 93+62
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Table 6
(Continued)
Peak T, Ty To Fy T, 13 Doubling Time
(day) (day) (MID) 107" phem 257! (MID) (T, x In2)(hr)
Flare 3 (6 hr binned)
P2 0.53 £ 0.17 0.20 £ 0.13 56156.66 8.6 + 3.0 56156.51 £+ 0.07 —0.45 £ 0.29 8.8 +£28
P3 0.21 £ 0.12 0.17 £ 0.14 56158.91 55+37 56158.89 + 0.09 —0.11 £ 0.49 35+20
Flare 4 (12 hr binned)
Pl 0.57 £ 0.25 0.82 £ 0.36 56179.16 52+15 56179.28 £+ 0.21 0.18 + 0.30 9.5 +42
P2 0.45 £ 0.18 1.00 + 0.29 56182.66 6.7+ 14 56182.90 £+ 0.13 0.38 + 0.21 7.6 + 3.0
Flare 4 (6 hr binned)
P1 0.55 + 0.26 0.78 £+ 0.35 56179.41 53+1.6 56179.52 + 0.21 0.17 + 0.32 9.1 +£43
P2 0.24 £ 0.10 0.39 £ 0.15 56182.66 9.6 £2.5 56182.73 £+ 0.08 0.24 + 0.27 40+ 1.7
P3 0.15 + 0.06 0.08 + 0.06 56184.16 11.5 £ 3.7 56184.12 £+ 0.03 —0.30 £ 0.38 25+ 1.0
Table 7
Best-fitting Parameters of the 12 hr and 6 hr Light Curves of Flares 1 and 2 of Phase IV, as Marked in Figure 2(c)
Peak T, Ty To Fy T, 13 Doubling Time
(day) (day) (MID) 107" phem 257! (MID) (T; x In2)(hr)
Flares 1 and 2 (12 hr binned)
P1 0.68 + 0.29 1.30 + 0.59 56755.16 47+ 1.6 56755.44 £ 0.27 0.31 + 0.28 11.3 + 438
P2 0.77 £ 0.28 1.87 + 0.66 56762.16 6.6+ 1.3 56762.64 + 0.25 0.42 + 0.21 12.8 + 4.7
P3 0.27 £ 0.10 0.24 £ 0.07 56766.16 144 £35 56766.14 £+ 0.06 —0.06 £ 0.23 45+ 1.7
Flares 1 and 2 (6 hr binned)
P1 0.35 £ 0.15 0.59 £ 0.27 56755.41 5.6+ 2.1 56755.52 £ 0.14 0.26 + 0.29 58+125
P2 0.44 +£0.23 2.95 + 0.99 56762.41 3.8+ 09 56763.13 £ 0.21 0.74 + 0.14 7.3 +38
P3 0.16 + 0.06 0.22 £+ 0.07 56766.16 16.1 + 4.2 56766.18 £+ 0.04 0.16 + 0.24 27+1.0
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Table 8
Constant Flux and x2 /ndf from the Profile Fitting
Fitted Baseline Flux x? /ndf
Time 10" phem 257!
Phase 1
Flare 1 12 hr binned 22 +£0.6 20.71/28 = 0.99
6 hr binned 1.9 £05 70.73/56 = 1.26
Flare 2 12 hr binned 0.8 £0.5 34.32/17 = 2.02
6 hr binned 1.6 £0.5 39.07/29 = 1.35
Flare 3 12 hr binned 0.8 £0.6 29.07/13 = 2.24
6 hr binned 1.2 £05 47.15/29 = 1.63
Phase II
Flare 1 12 hr binned 0.5 £ 1.1 23.05/16= 1.44
6 hr binned 1.3 £0.7 42.26/41 = 1.03
Flare 2 12 hr binned 44 £0.7 20.22/17 = 1.19
6 hr binned 34+04 71.84/34 = 2.11
Flare 3 12 hr binned 1.1 £0.2 10.79/13 = 0.83
6 hr binned 1.6 £03 53.91/31 = 1.74
Flare 4 12 hr binned 46+ 0.5 12.20/17 = 0.72
6 hr binned 42+05 34.10/36 = 0.95
Phase IV
Flares 1 and 2 12 hr binned 1.1 £04 54.56/31 = 1.76
6 hr binned 1.7 £0.2 91.28/61 = 1.50
Phase V
Flares 1 and 2 12 hr binned 0.8 £0.2 59.12/47 = 1.26
6 hr binned 1.4 +£03 96.44/64 = 1.51
Flares 3 and 4 12 hr binned 3.6 £03 33.04/32 = 1.03
6 hr binned 24+03 170.38/73 = 2.33
3 hr binned 2.6 £0.2 183.08/136 = 1.35
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Sections 3.3.1, 3.3.2 and 3.3.3. We also identify peaks in the
short-timescale light curves with the BB algorithm, and with
the false alarm rate parameter p, = 0.05 and 0.32. These
peaks are fitted by Equation (2). All plotted light curves are
shown in Figures 8, 9, and 10. All fitted parameters are
described in Tables 5, 6, and 7. The constant flux and X2 /ndf
are provided in Table 8, which imply that the fitting is
reasonably good in all light curves with 12hr and 6hr
binning. Here, the light curves cannot be well fitted by the
Equation (2) if the values of the x*/ndf and residuals are too
large. In this case, we add some substructures or split a peaks
into two peaks to improve the fit by visual inspection of the
light curves and residuals. So, for the 12 hr and 6 hr binned
light curves of Flare 2 from Phase I, we add some
substructures to improve the fit. For the 12 hr and 6 hr
binned light curves of Flare 3 from Phase I and Flares 1 and 4
from Phase I, we split a peaks into two peaks to improve
the fit.

Appendix B
Light Curves of Phases I, II, IV, and V for the 0.1-1 GeV
and 1-300 GeV Energy Bands

We present the light curves of Phase I, II, IV, and V for the
0.1-1 GeV and 1-300 GeV energy bands. Because of the
poor statistics in the 1-300 GeV band with the short time
bins, many flares do not exhibit a significant flare profile with
12 hr and 6 hr binning. The 12 hr binned light curves of Flare
3 during Phase I, Flares 2—4 during Phase II and Flares 1-2
during Phase IV are presented. The 12 hr and 6 hr binned
light curves of Flares 3—4 during Phase V are also presented.
These light curves are fitted by Equation (2). All plotted light
curves are shown in Figures 11 and 12. All fitted parameters
are described in Table 9. The constant flux and x?/ndf are
also provided, which imply that the fitting is reasonably good
in all light curves with 12 hr and 6 hr binning.
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Figure 11. The -ray light curves of S5 07164714 for the 0.1-1 GeV and 1-300 GeV energy band. Top panel: the 12 hr binned light curves of Flare 3 during Phase 1.
Middle panel: the 12 hr binned light curves of Flares 2—4 during Phase II. Bottom panel: the 12 hr binned light curves of Flares 1-2 during Phase IV. The 12 hr binned
light curves are fitted with the sum of exponentials from Equation (2). The royal blue lines represent the total fit. The color lines correspond to the contribution of
single components in the total fit. The gray lines represent the constant flux. The orange-shaded regions represent the 68% confidence bands. The flare period is
divided by the vertical red dashed lines. Points with TS < 4 have been omitted from this figure.
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Figure 12. The 12 hr and 6 hr binned ~-ray light curves of Flares 3 and 4 during Phase V for the 0.1-1 GeV and 1-300 GeV energy bands. The 12 hr binned light
curves are fitted with the sum of exponentials from Equation (2). The royal blue lines represent the total fit. The color lines correspond to the contribution of single
components in the total fit. The gray lines represent the constant flux. The orange-shaded regions represent the 68% confidence bands. Points with TS < 4 have been
omitted from this figure.
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Table 9
Best-fitting Parameters of the 12 hr and 6 hr Binning Light Curves, as Marked in Figures 11 and 12
Energy Band Peak T, Ty To Fy T,
(GeV) (day (day) (MID) 107" phem 257! (MID)

Phase I: Flare 3 (12 hr binned)

0.1-1 GeV 0.49 + 0.12 1.25 £ 0.25 55854.46 11.0 £ 2.1 55854.79 £ 0.09
1-300 GeV 1.20 + 0.27 1.12 £+ 0.30 55856.46 1.4+£02 55856.42 £ 0.20

Phase II: Flares 2, 3, and 4 (12 hr binned)

0.1-1 GeV P1 2.21 + 0.50 2.13 £ 0.50 56142.06 6.7+ 1.1 56142.02 £ 0.35
P2 1.86 + 0.82 2.34 + 0.84 56156.56 36+ 1.0 56156.80 £ 0.57
P3 2.82 +£0.71 1.38 + 1.03 56179.56 52+1.1 56178.90 £ 0.46
P4 0.39 + 0.22 0.75 £ 0.25 56182.56 10.0 £2.7 56182.73 £ 0.13
1-300 GeV P1 2.36 = 0.62 1.27 £+ 0.40 56142.56 0.8 £0.2 56142.05 £ 0.31
P2 0.42 + 0.18 0.57 + 0.21 56155.06 1.1 £04 56156.14 £ 0.13
P3 0.36 = 0.15 0.75 £ 0.24 56178.56 1.1 +£03 56179.74 £ 0.11
P4 0.29 £ 0.10 0.75 + 0.19 56182.56 1.5+ 04 56182.76 £ 0.07

Phase IV: Flares 1 and 2 (12 hr binned)

0.1-1 GeV P1 0.22 £ 0.20 0.51 = 0.27 56755.26 6.4 + 3.1 56755.39 £ 0.12
P2 1.31 £+ 0.49 0.36 + 0.21 56763.76 62+ 19 56763.40 £ 0.14
P3 0.43 = 0.16 0.24 = 0.10 56766.26 119 £35 56766.17 £ 0.08
1-300 GeV Pl 1.06 + 0.54 0.31 +=0.20 56753.76 09 +04 56753.50 £ 0.16
P2 0.40 = 0.23 0.36 = 0.26 56762.26 1.0+ 04 56762.24 £ 0.17
P3 1.40 £ 0.71 0.59 + 0.24 56766.26 1.0+ 03 56765.90 £ 0.27

Phase V: Flares 3 and 4 (12 hr binned)

0.1-1 GeV P1 0.40 = 0.11 0.53 £ 0.13 57118.39 12.7 £ 2.6 57118.45 £ 0.08
P2 0.17 = 0.08 0.25 = 0.09 57127.89 125 +34 57127.93 £ 0.06
1-300 GeV P1 0.68 + 0.16 0.75 £ 0.16 57118.39 20+ 04 57118.42 £ 0.11
P2 0.82 + 0.24 1.16 + 0.29 57127.89 13+£03 57128.06 £ 0.18

Phase V: Flares 3 and 4 (6 hr binned)

0.1-1 GeV Pl 0.52 £ 0.13 0.53 £ 0.13 57118.64 109 £23 57118.64 £ 0.09
P2 0.11 £ 0.06 0.14 = 0.05 57127.89 13.7 £43 57127.90 £ 0.04
1-300 GeV Pl 0.84 + 0.19 0.49 + 0.13 57118.89 1.7+ 03 57118.72 £ 0.10
P2 0.16 + 0.06 0.60 + 0.17 57127.89 1.5+ 04 57128.06 £ 0.05

Note. For the 12 hr binned light curves of Flare 3 during Phase I, Flares 2—4 during Phase II, Flares 1 and 2 during Phase IV and Flares 3—4 during Phase V for the
0.1-1 GeV energy band. Their constant flux values and x? /ndf are (1.5 £ 0.4) x 107" phem ™2 s and 30.67/22 = 1.39, (1.04 £ 0.39) x 107" phem ™2 s and
163.98/93 = 1.76, (1.19 £ 0.43) x 10" phcm >s ™' and 58.26/26 = 2.24, (2.72 & 0.28) x 10”7 phcm >s ™' and 58.55/36 = 1.63 respectively. For the 12 hr
binned light curves in the 1-300 GeV energy band, their constant flux values and x? /ndf are (0.23 4 0.06) x 10" phem *s™' and 12.71/18 = 0.71,
(0.27 + 0.03) x 107" phecm™* s~ and 58.64/79 = 0.74, (0.23 + 0.08) x 10~ phcm ?s™ ' and 17.52/17 = 1.03, (0.27 = 0.05) x 10~ phcm 2 s~ and 27.66/
35 = 0.81, respectively. The constant flux values and x? /ndf of Flares 3—4 during Phase V with 6 hr binning are (2.39 & 0.23) x 107" phem s~ ! and 105.33/
74 = 1.42 for the 0.1-1 GeV energy band, and (0.49 & 0.05) x 10~ phcm 25" and 32.15/60 = 0.54 for the 1-300 GeV energy band.
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Appendix C (orange lines), LP (violet dashed—dotted lines), and BPL
The ~-Ray Spectra from the Different States of Phases I, II, (magenta dashed lines). All plotted SEDs are shown in
IV, and V Figures 13, 14, 15, and 16. All fitted parameters are described

in Tables 10, 11, and 12. The spectral slop A" as a function of

Here, we present spectral fitting analysis for the different )
flux, the A" as a function of break energy, and the break

states which are marked in Figure 2 during Phases I, II, IV, and

V. The different photon spectra have been fitted with PL energy as a function of flux are shown in Figure 17.
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Figure 13. Gamma-ray SEDs of S5 0716+714 during different activity states of Phase I, as defined in Figure 2(a), fitted by the PL (orange lines), LP (violet dashed—
dotted lines), and BPL (magenta dashed lines) spectral models. Their best-fitting parameters are given in Table 10.
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Figure 14. Gamma-ray SEDs of S5 07164714 for different activity states during Phase II, as defined in Figure 2(b). These were fitted by the PL (orange lines), LP
(violet dashed—dotted lines), and BPL (magenta dashed lines) spectral models. Their best-fitting parameters are given in Table 11.
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Figure 15. Gamma-ray SEDs of S5 0716+714 for different activity states during Phase IV, as defined in Figure 2(c), fitted by the PL (orange lines), LP (violet
dashed-dotted lines), and BPL (magenta dashed lines) spectral models. Their best-fitting parameters are given in Table 11.

Table 10
The Spectral Fitting Results of Different States from Phase I
Fitting Model I'/a/Ty B/T, Epreax AT —2A(n L) F(> 100 MeV) Curvature
(GeV) (B 107’ ph cm 2s7h Significance
Pre-flare (MJD: 55592.66-55621.15, ~29 days)
PL 2.13 £+ 0.06 1.98 + 0.17
LogP 2.05 £ 0.09 0.06 + 0.04 2.2 1.89 £ 0.17 1.50
BPL 2.00 + 0.13 228 £ 0.14 0.79 + 0.35 0.29 + 0.19 1.8 1.90 £+ 0.17 0.80
Flare 1 (MJD: 55621.15-55632.67, ~12 days)
PL 2.00 + 0.05 5.33 +0.34
LogP 1.87 + 0.07 0.08 £ 0.03 7.1 5.02 £ 0.35 270
BPL 1.85 £ 0.21 221 +0.18 1.10 + 0.46 0.36 + 0.28 4.7 5.10 + 0.68 1.70
Inter-flare 1 (MJD: 55632.67-55745.97, ~113 days)
PL 2.17 £ 0.03 1.91 £ 0.08
LogP 2.11 +0.04 0.04 + 0.02 4.7 1.84 + 0.09 220
BPL 2.05 + 0.06 2.33 £ 0.08 091 + 0.21 0.28 + 0.10 6.1 1.83 + 0.09 2.00
Flare 2 (MJD: 55745.97-55761.00, ~15 days)
PL 2.13 £ 0.05 491 +0.29
LogP 2.06 + 0.06 0.06 + 0.03 39 4.73 £ 0.30 2.00
BPL 1.96 £ 0.12 2.34 + 0.15 0.77 £ 0.56 0.38 £ 0.19 4.8 4.72 £ 0.30 1.70
Inter-flare 2 (MJD: 55761.00-55850.00, ~89 days)
PL 2.08 + 0.03 2.61 £ 0.10
LogP 2.00 + 0.04 0.05 + 0.02 8.3 2.50 + 0.10 290
BPL 1.95 £+ 0.08 2.26 £ 0.10 1.02 £+ 0.67 0.31 £ 0.13 10.3 2.50 £ 0.11 2.80
Flare 3 (MJD: 55859.66-55859.66, ~10 days)
PL 1.94 + 0.04 6.51 + 0.40
LogP 1.85 £ 0.07 0.05 £ 0.03 32 6.27 + 0.42 1.80
BPL 1.87 + 0.15 220 £ 0.24 3.05 £ 1.27 0.32 + 0.28 2.7 6.36 + 0.69 1.1o
Post-flare 3 (MJD: 55874.97-55882.66, ~8 days)
PL 2.17 £ 0.05 3.10 + 0.21
LogP 2.09 + 0.07 0.07 £ 0.04 3.7 295 +0.22 1.90
BPL 2.04 £+ 0.09 241 £+ 0.16 1.04 £+ 0.38 0.37 £ 0.18 3.6 297 +£0.22 l4o
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Figure 16. Gamma-ray SEDs of S5 07164-714 for different activity states during Phase V, as defined in Figure 2(d), fitted by the PL (orange lines), LP (violet dashed—
dotted lines), and BPL (magenta dashed lines) spectral models. Their best-fitting parameters are given in Table 12.
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Figure 17. The spectral slope AI" as a function of flux, A" as a function of the break energy; break energy as a function of flux. The panels (a)—(c) represent the
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Table 11
The Spectral Fitting Results of Different States from Phase II and Phase IV
Fitting Model T'/a/Ti B/Ty Epreax AT —2A(In L) F(> 100 MeV) Curvature
(GeV) o -1) 10’ ph em 2s7h Significance
Phase 11
Pre-flare (MJD: 56092.66-56109.66, ~17 days)

PL 1.99 £ 0.05 337 £0.23
LogP 1.97 £+ 0.07 0.01 + 0.03 0.2 332+£025 0.5¢0
BPL 2.00 + 0.09 1.98 + 0.10 1.03 £ 041 0.03 £0.13 0.0 338 £0.25 0.00

Flare 1 (MJD: 56109.66-56122.66, ~13 days)

PL 2.07 £ 0.04 6.03 + 0.32
LogP 1.98 + 0.05 0.07 = 0.03 73 5.77 £ 0.32 270
BPL 1.96 = 0.11 227 £0.15 1.10 + 0.34 0.32 £0.18 44 4.78 £ 0.50 1.60

Inter-flare 1 (MJD: 56122.66-56137.66, ~15 days)

PL 2.06 = 0.66 2.64 = 0.24
LogP 1.92 £ 0.10 0.11 £ 0.05 2.8 244 £ 0.25 1.60
BPL 1.86 + 0.41 232+ 0.25 0.87 + 0.48 0.46 + 0.46 1.9 2.48 + 0.67 0.90

Flare 2 (MJD: 56137.66-56147.66, ~10 days)

PL 1.92 £+ 0.04 6.97 + 0.39
LogP 1.87 £ 0.06 0.03 = 0.02 0.7 6.81 = 0.41 0.8¢0
BPL 1.87 £ 0.11 1.97 £ 0.0.09 0.97 £ 0.36 0.10 £ 0.15 0.3 6.87 £ 0.48 0.1

Flare 3 (MJD: 56147.66--56159.66, ~12 days)

PL 1.96 + 0.05 4.30 £ 0.30
LogP 1.87 £ 0.08 0.05 + 0.03 3.0 4.11 £0.32 1.70
BPL 1.85 £0.21 223 +0.24 1.76 + 0.82 0.38 £0.32 3.8 4.13 £ 0.63 l.40

Inter-flare 2 (MJD: 56159.66-56173.66, ~14 days)

PL 2.07 + 0.06 3.43 + 0.27
LogP 2.02 £ 0.08 0.04 £+ 0.04 7.1 3.33 £0.29 270
BPL 1.94 £+ 0.34 2.24 £ 0.20 091 £ 043 0.29 £+ 0.40 8.0 3.29 &+ 0.68 240

Flares 4 (MJD: 56173.66-56185.66, ~15 days)

PL 2.03 £ 0.04 7.32 £ 0.37
LogP 2.00 + 0.05 0.02 + 0.02 1.2 7.21 +£0.38 l.lo
BPL 1.97 £ 0.07 2.19 £ 0.13 1.65 + 0.49 0.21 £0.14 2.0 7.20 £ 0.38 0.9¢0

Post-flare (MJD: 56185.66-56212.66, ~27 days)

PL 2.07 £+ 0.04 383 £ 0.18
LogP 2.01 £+ 0.05 0.05 £+ 0.02 1.2 3.69 £ 0.19 1.1o
BPL 2.00 £+ 0.06 2.24 +0.12 1.48 £+ 0.80 0.23 +0.13 3.0 3.74 +£ 0.19 l.lo
Phase IV
Pre-flare (MJD: 56692.66-56750.21, ~58 days)
PL 2.07 + 0.06 1.35 £ 0.11
LogP 1.98 £+ 0.09 0.06 £+ 0.04 2.6 1.28 + 0.12 1.5¢0
BPL 1.94 + 0.11 2.24 +0.13 1.02 + 0.24 0.30 + 0.17 2.3 1.29 £+ 0.12 1.00

Flare 1 (MJD: 56750.21-56759.09, ~9 days)

PL 2.10 + 0.08 3.66 £ 0.37
LogP 2.10 + 0.08 0.00 =+ 0.00 0.0 3.67 = 0.37 0.00
BPL 2.24 + 0.46 1.91 £ 0.16 0.96 + 0.53 0.34 £ 0.49 2.0 3.84 £ 0.85 0.9¢0

Flare 2 (MJD: 56759.09-56772.66, ~14 days)

PL 1.92 + 0.04 5.11 £ 0.31
LogP 1.92 + 0.04 0.00 + 0.00 0.0 5.11 £ 0.31 0.00
BPL 1.96 + 0.08 1.88 + 0.08 1.13 + 042 0.08 £ 0.11 0.3 5.17 £ 0.33 0.20
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Table 12
The Spectral Fitting Results of Different States from Phase V
Fitting Model I'/o/Ii B/ Epreak AT —2A(n L) F(> 100 MeV) Curvature
(GeV) T - 1) ao~’ ph cm 2s7h Significance
Pre-flare (Active: MJID 56962.66-56993.25, ~31 days)
PL 1.98 + 0.04 2.92 + 0.02
LogP 1.83 + 0.07 0.09 £ 0.03 104 2.69 + 0.02 320
BPL 1.80 £ 0.21 2.45 + 0.28 1.78 + 0.71 0.65 £+ 0.35 12.9 2.72 + 0.46 3.60
Pre-flare (Quiescent: MJD 56993.25-57029.89, ~31 days)
PL 2.09 £ 0.06 1.61 £ 0.13
LogP 2.03 £ 0.08 0.04 £ 0.04 1.1 1.55 £ 0.14 1.00
BPL 1.99 + 0.11 222 +0.14 1.03 + 0.46 0.23 £ 0.19 1.3 1.55+0.14 l.lo
Flares 1 and 2 (MJD: 57029.89-57049.66, ~20 days)
PL 1.91 + 0.03 5.23 £ 0.26
LogP 1.88 + 0.05 0.02 + 0.02 1.0 5.14 +0.27 1.00
BPL 1.88 + 0.04 2.10 + 0.14 401 £ 1.12 0.22 + 0.15 2.0 5.14 + 0.26 0.9¢0
Inter-flare (MJD: 57049.66-57113.01, ~63 days)
PL 2.00 + 0.03 3.12 £ 0.13
LogP 1.90 + 0.04 0.07 £ 0.02 12.8 294 +0.13 3. 70
BPL 1.91 + 0.05 2.66 + 0.28 3.72 £ 1.50 0.76 £+ 0.30 20.0 298 + 0.13 440
Flares 3 and 4 (MJD: 57113.01-57134.10, ~21 days)
PL 1.91 + 0.03 6.36 + 0.26
LogP 1.82 + 0.04 0.05 £+ 0.02 7.9 6.10 + 0.27 2.80
BPL 1.83 + 0.04 2.16 £ 0.11 2.74 £+ 0.69 0.33 £ 0.12 7.8 6.17 +£ 0.27 2.80
Flare 3 (MJD: 57113.01--57122.66, ~10 days)
PL 1.95 + 0.04 7.16 + 0.41
LogP 1.90 + 0.06 0.02 £ 0.02 1.2 7.01 £ 043 l.lo
BPL 1.89 + 0.06 2.07 £ 0.12 1.78 + 0.59 0.18 £ 0.13 2.1 6.97 + 0.44 0.90
Flare 4 (MJD: 57122.66-57134.10, ~12 days)
PL 1.87 + 0.04 5.72 £ 0.33
LogP 1.73 £ 0.07 0.07 + 0.03 8.9 5.33 £0.34 3.00
BPL 1.76 £ 0.12 244 £+ 0.37 4.07 + 1.63 0.68 + 0.39 10.9 5.45 + 0.64 270
Post-flare (MJD: 57134.10-57202.66, ~69 days)
PL 2.02 + 0.03 3.01 £0.12
LogP 2.00 + 0.04 0.01 £ 0.02 0.9 2.96 + 0.12 0.90
BPL 1.98 + 0.05 2.07 + 0.06 1.12 + 0.24 0.09 + 0.08 0.9 2.96 + 0.12 0.90
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