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ABSTRACT

The blazar 3C 279 exhibited twin 7-ray flares of similar intensity in 2013 December and 2014 April. In this work,
we present a detailed multi-wavelength analysis of the 2013 December flaring event. Multi-frequency observations
reveal the uncorrelated variability patterns with X-ray and optical-UV fluxes peaking after the y-ray maximum.
The broadband spectral energy distribution (SED) at the peak of the y-ray activity shows a rising ~-ray spectrum
but a declining optical-UV flux. This observation along with the detection of uncorrelated variability behavior
rules out the one-zone leptonic emission scenario. We, therefore, adopt two independent methodologies to explain
the SED: a time-dependent lepto-hadronic modeling and a two-zone leptonic radiative modeling approach. In the
lepto-hadronic modeling, a distribution of electrons and protons subjected to a randomly orientated magnetic field
produces synchrotron radiation. Electron synchrotron is used to explain the IR to UV emission while proton
synchrotron emission is used to explain the high-energy ~-ray emission. A combination of both electron
synchrotron self-Compton emission and proton synchrotron emission is used to explain the X-ray spectral break
seen during the later stage of the flare. In the two-zone modeling, we assume a large emission region emitting
primarily in IR to X-rays and v-rays to come primarily from a fast-moving compact emission region. We conclude
by noting that within a span of four months, 3C 279 has shown the dominance of a variety of radiative processes
over each other and this reflects the complexity involved in understanding the physical properties of blazar jets in
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general.
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1. INTRODUCTION

Powerful relativistic jets, aligned close to the line of sight to
the observer, are the characteristic signature of a special class
of active galactic nuclei (AGNs) called blazars. They are
classified as flat spectrum radio quasars (FSRQs) and BL
Lacertae (BL Lac) objects. Both classes are known to exhibit
rapid flux and polarization variations (e.g., Wagner &
Witzel 1995; Andruchow et al. 2005), flat radio spectra
(o <0.5; S, x v®), and superluminal patterns at radio
wavelengths (Jorstad et al. 2005). They dominate the extra-
galactic high-energy GeV ~-ray sky, as seen by the Fermi-
Large Area Telescope (Fermi-LAT; Atwood et al. 2009). In the
GeV band, FSRQs are more luminous and possess steeper
spectral indices than BL Lac objects (Ackermann et al. 2015).
A good fraction of blazars are also known to be emitters of
very-high-energy (VHE, E > 100 GeV) ~-ray emission. In the
VHE band, as of now, only five FSRQs are known, i.e., 3C 279
(MAGIC Collaboration et al. 2008), PKS 12224216 (Aleksié¢
et al. 2011), PKS 1510—-089 (H.E.S.S. Collaboration
et al. 2013), S3 02184357 (Mirzoyan 2014), and PKS 1441
+25 (Mukherjee 2015).

The broadband spectral energy distribution (SED) of blazars
is characterized by two broad peaks. The low-frequency peak
lies in the radio to soft X-ray frequency range and the high-
energy peak in the MeV—GeV range. In the framework of
leptonic jet models, the low-frequency emission from blazars is
explained as synchrotron emission from non-thermal electrons
in the jet. The high-energy radiation is believed to be associated
with the inverse-Compton (IC) scattering of low-energy
synchrotron photons from the jet (synchrotron self-Compton

or SSC, Konigl 1981). Though the synchrotron-plus-SSC
models have successfully explained the SEDs of BL Lac
objects, reproducing the high-energy window of the SED of
powerful FSRQs with SSC resulted in the physical parameters
far from the equipartition condition, and instead, IC compo-
nents with seed photons coming from outside the jet (external
Compton or EC, Begelman & Sikora 1987) are found to be
desirable. Apart from leptonic mechanisms, the SEDs of
blazars are also reproduced by hadronic or lepto-hadronic
emission models (e.g., Miicke et al. 2003; Bottcher et al. 2013).

The quasar 3C 279 (z = 0.536) is one of the first blazars
found to be y-ray emitting by the Energetic Gamma-Ray
Experiment Telescope (EGRET) on board the Compton
Gamma-Ray Observatory (CGRO; Hartman et al. 1992). Also,
it is the first FSRQ detected in VHE ~-rays by the Major
Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) tele-
scope (MAGIC Collaboration et al. 2008). It is known to vary
strongly over the entire electromagnetic spectrum (e.g.,
Maraschi et al. 1994; Wehrle et al. 1998; Hayashida et al.
2012). A change in the optical polarization associated with the
~-ray flare in 2009 is also reported (Abdo et al. 2010a).
Inconsistent patterns of correlation over various energy bands
are seen in 3C 279 (e.g., Chatterjee et al. 2008). At radio
wavelengths, 3C 279 has a compact structure and superluminal
patterns with apparent speeds as high as ~20c have been
noticed from Very Long Baseline Array observations (Lister
et al. 2013). From radio observations, the bulk Lorentz
factor and viewing angle of the jet flow are estimated
as Ij=155+25 and ©;=2°1+121 (Jorstad
et al. 2004, 2005).
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3C 279 was detected in an extremely bright state in 2013
December by Fermi-LAT (Buson 2013). We denote the period
2013 December 14 to 2014 January 3 (MJD 56,640—56,660)
as a high activity phase. During this period, not only was an
extremely bright ~-ray flare observed, but also the detected
~-ray spectrum was extremely hard. In addition to that, a
significant X-ray spectral break is also observed, thanks to
simultaneous monitoring from NuSTAR (Harrison et al. 2013)
and Swift (Gehrels et al. 2004). In this work, using publicly
available data, this ~-ray outburst is studied in detail. Our
observational results are consistent with the findings of
Hayashida et al. (2015), but we here present a different
interpretation. Moreover, the observed hard ~-ray spectrum has
been explained as a consequence of a Fermi II order
acceleration by Asano & Hayashida (2015). In Section 2, the
details of the data reduction procedure are presented and we
report the results in Section 3. The discussion of the obtained
results are presented in Section 4 and we conclude in Section 5.
Throughout, we adopt a ACDM cosmology with the Hubble
constant Hy = 71kms ™ Mpcfl, Q,, = 0.27, and Q) = 0.73.

2. MULTIWAVELENGTH OBSERVATIONS AND
DATA REDUCTION

2.1. Fermi-Large Area Telescope Observations

The ~-ray data obtained with LAT were collected from 2013
December 14 to 2014 January 3, i.e., for the period of the
outburst. We adopt the standard Fermi-LAT data reduction
methodology presented in the online documentation® and here
it is described in brief (see also Paliya et al. 2015). In the
energy range of 0.1—300GeV, only events belonging to the
SOURCE class are selected. To limit contamination from Earth
limb ~-rays, photons arriving from zenith angles > 100° are
rejected. The collected LAT data are analyzed with the
unbinned likelihood method included in the pylikelihood
library of the standard ScienceTools package (v9r33p0) along
with the use of post-launch instrument response functions
P7REP_SOURCE_V15. The photons are extracted from a
region of interest (ROI) centered on 3C 279 and having a radius
of 10°. The source model consists of 3C 279 and all the point
sources from the third Fermi-LAT catalog (3FGL; Acero
et al. 2015) that fall within 15° of the source. The spectral
shapes of all the sources are adopted from the 3FGL catalog
and the associated parameters, except the scaling factor, are left
free to vary for the objects lying within the ROIL For the
sources lying between 10° and 15°, all the spectral parameters
are kept fixed to the 3FGL catalog values. A maximum
likelihood (ML) test statistic TS = 2Alog(L) where L
represents the likelihood function between models with and
without a point source at the position of the source of interest,
is computed to determine the significance of the ~-ray signal. A
first run of the ML analysis is Performed over the period of
interest and all the sources with” TS < 25 are removed. This
updated model is then used for light curve and spectral
analysis. Though 3C 279 is modeled by a logParabola model in
the 3FGL catalog, a power-law (PL) model is used to generate
light curves, as the PL indices obtained from this model show
smaller statistical uncertainties when compared to those
obtained from complex model fits. The source is considered

S http: //fermi.gsfc.nasa.gov /ssc/data /analysis /scitools/

python_tutorial.html
7 ATS of 25 roughly corresponds to 5o detection (Mattox et al. 1996).
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to be detected if TS > 9, which corresponds to ~3¢ detection.
Bins with TS < 9 and/or AF, /F, > 0.5, where AF, is the error
estimate in the flux F,, are rejected from the analysis. Primarily
governed by uncertainty in the effective area, the measured
fluxes have energy-dependent systematic uncertainties of
around 10% below 100 MeV, decreasing linearly in log(E) to
5% in the range between 316 MeV and 10 GeV and increasing
linearly in log(E) up to 15% at 1 TeV.® All errors associated
with the LAT data analysis are the 1o statistical uncertainties.

2.2. NuSTAR Monitoring

The hard X-ray focusing telescope NuSTAR observed 3C
279 twice for a total elapsed time of ~80ks each on 2013
December 16 and 31. The data are filtered and cleaned for
background events using the NuSTAR Data Analysis Software
(NUSTARDAS) version 1.4.1 and NuSTAR calibration files
updated on 2014 November 14. The tool nuproducts is used
to extract light curves and spectra for the two focal plane
modules (FPMA and FPMB). To extract the source spectra, a
circular region of 30” centered at 3C 279 is selected, whereas
the background region is chosen as a circle of 70” radius, free
from contaminating sources. The spectra are binned to have at
least 20 counts per bin, to perform spectral fitting. In the energy
range of 3—79 keV, the light curves are generated by applying
3 ks binning, summing FPMA and FPMB count rates, and
subtracting the background.

2.3. Swift Observations

The Swift/XRT data are processed using standard proce-
dures (xrtpipeline v.0.13.0) with the XRTDAS soft-
ware package (v.3.0.0) within HEASOFT (v6.16) and the
calibration database updated on 2014 November 12. Only XRT
event grades 0—12 in the photon counting mode are used. Event
files are summed to extract the energy spectrum. Whenever the
source count rate increases to a threshold of 0.5 counts s_l, to
avoid pile up effect, annular regions centered at the source
position are selected to extract the source and the background
spectra. Inner and outer radii of the source region are chosen as
5" and 65", respectively, while the background spectra are
extracted from an annular region of inner and outer radii 130"
and 230", respectively (see e.g., Stroh & Falcone 2013).
Exposure maps are combined using the tool ximage and we
generate the ancillary response files using the task xrtmkarf.
Using the task grppha, the source spectra are binned to have
at least 20 counts per bin. Spectral fitting is performed using
XSPEC (Arnaud 1996) and by adopting an absorbed PL
(Nu = 2.05 x 10*°cm™%; Kalberla et al. 2005). The uncer-
tainties are calculated at the 90% confidence level.

Swift/UVOT observations are summed using uvotimsum
and the task uvotsource is used to extract the parameters. A
circle of 5” radius centered at 3C 279 is chosen as the source
region, while the background is chosen as a circular region of 1/
radius, free from contaminating sources. Correction for galactic
extinction is done by following Schlafly & Finkbeiner (2011)
and the corrected magnitudes are converted to flux units using
the zero points and conversion factors of Breeveld et al. (2011).

8 http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html
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2.4. SMARTS Observations

The Small and Moderate Aperture Research Telescope
System (SMARTS) at the Cerro Tololo Inter-American
Observatory located in Chile has been observing a sample of
Fermi-LAT-detected AGNs in optical and near-IR (B, V, R, J,
and K bands). The details of the data reduction procedure can
be found in Bonning et al. (2012). Following Schlafly &
Finkbeiner (2011), the data in all the filters are corrected for
galactic extinction and then converted to flux units using the
zero points of Bessell et al. (1998).

2.5. Steward Observatory Monitoring

Details of the data reduction and calibration procedures of
the photometric and polarimetric observations taken from
Steward observatory at the University of Arizona are presented
in Smith et al. (2009). The data are corrected for galactic
extinction following Schlafly & Finkbeiner (2011) and the flux
conversion is done using the zero points of Bessell
et al. (1998).

3. RESULTS
3.1. Multi-band Temporal Variability

The period 2013 December 14 to 2014 January 3 (MJD
56,640—56,660) is selected to study the giant y-ray outburst of
3C 279 in detail. The multi-frequency light curves covering the
data from IR to ~-rays as well as the optical polarization
measurements are shown in Figure 1. In this plot, LAT data
points are one-day binned and the observations in other
wavelengths correspond to one point per observation. The
period of high activity is divided into three sub-periods: Low
activity (MJD 56,640—56,646), Flare 1 (MJD 56,646—56,649),
and Flare 2 (MJD 56,649—56,660). These sub-periods are
selected taking into account the availability of contempora-
neous observations in all the energy bands. Lack of
observations during the peak of the ~-ray flare precludes us
from studying the nature of the source in the X-ray band;
however, a bright X-ray flare is seen during the Flare 2 activity
phase. Interestingly, available optical-UV observations seem to
show a slow continuous rise, irrespective of the ~-ray flaring
activity, and peaks during the Flare 2 period. Such uncorrelated
variability behavior is difficult to explain on the basis of the
widely accepted single-zone leptonic emission scenario.

The availability of good ~-ray photon statistics has allowed
us to search for short timescale variability by using finer time
bins. For this, 12 hr, 6 hr, and 3 hr binned 7-ray light curves are
generated covering the period of high activity. They are shown
in Figure 2. These light curves are searched for short time
variability using the following equation:

F (1) = F (tp). 20~/ (1)

where F(f) and F (1) are the fluxes at time ¢ and ¢, respectively,
and 7 is the characteristic doubling/halving timescale. By
considering the uncertainties in the flux values, we also apply
the condition that the difference in flux at the epochs ¢ and ¢ is
at least significant at the 30 level. The shortest v-ray flux
doubling time derived using this method is 3.04 £ 0.77 hr
(~50 significance). Moreover, the data are also analyzed using
the time bins defined as good time intervals (GTI). Using this
method, in the energy range of 0.1—300 GeV, the highest y-ray
flux and the associated photon index are found on MIJD
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56,646.48 (GTI ~ 13 minutes) and having a value of
(1.2240.25) x 10 °phem2s ' and 1.70 4+ 0.13, respec-
tively. The measured flux is comparable to that observed from
3C 279 during the 2014 April outburst (Paliya et al. 2015);
however, it is less than its recent flaring activity in 2015 June
(Paliya 2015). Also, the obtained spectral shape is the hardest
ever observed from this source and this suggests that at the
peak of the ~-ray flare, 3C 279 was a probable candidate to
detect VHE emission. Moreover, we calculate the hardness
ratio (HR), which is defined as

Fu — Fs
Fy+ Fs’

where Fy and Fy are 6 hr binned ~-ray fluxes in the 0.1—1 GeV
and 1—-300 GeV energy range, respectively. The variation of
HR as a function of time is shown in the bottom panel of Figure
2 and as can be seen, the HR has the highest value at the peak
of the flare. Furthermore, the number of HR measurements is
significantly less than the number of points in the 6 hr binned
0.1—300 GeV light curve. This is only due to non-detection at
E > 1GeV at those epochs.

The hard X-ray light curves are generated by applying a
binning of 3 ks to the NuSTAR data in the energy range of 3
—79 keV and are shown in Figure 3. The chi-square probability
(e.g., Abdo et al. 2010b) that the source has shown variations is
>99% for both NuSTAR observations. The source has also
shown significant flux variation between the two epochs.

Swift has performed 22 observations of 3C 279 on MJD
56,656 and 56,657 (2013 December 30, 31). Such densely
sampled observations have revealed not only a bright X-ray
flare but also an extremely fast X-ray variability. The shortest
X-ray flux doubling time, estimated using Equation (1), is
2.89 £+ 0.67 hr measured on MJD 56,656 with ~4¢0 confidence.
Interestingly, as can be seen in Figure 1, this does not
correspond to any v-ray flare. This is probably the first report of
such a fast X-ray variability seen from 3C 279. In the energy
range of 0.3—10keV, the highest X-ray flux is measured on
MID 56,655 and having a value of 3.9270% x
10" erg cm 257!, The associated photon index is 1.50)17.
This corresgponds to an isotropic X-ray luminosity of
~3.6 x 10" ergs .

HR = @)

3.2. Highest Energy Gamma-Ray Photon

The energy of the highest-energy photon is determined by
analyzing the LAT data using the event class CLEAN along
with the use of the tool gtsrcprob. We find the highest
energy photon of 26.11 GeV detected on 2013 December 16
(MJD 56,642.26032) at 02018 away from 3C 279, with 99.98%
probability that the event belongs to the source.

3.3. Gamma-Ray Spectral Analysis

We generate the y-ray spectra for all three periods, namely
Low activity, Flare 1, and Flare 2. There are two spectral
models adopted to analyze the ~-ray spectral shape: a power
law (dN/dE < E%), where I, is the photon index, and
logParabola (dN/dE o (E/E,) ® #10eE/E)  where E, is an
arbitrary reference energy fixed at 300 MeV, « is the photon
index at E,, and (3 is the curvature index, which defines the
curvature around the peak. We calculate the test statistic of the
curvature TS.yve = 2(log L(LogParabola) — log £(PL)) to test



THE ASTROPHYSICAL JOURNAL, 817:61 (14pp), 2016 January 20

PALIYA ET AL.

3 ° el Fwez
s | Low ! ! 3 ]
T | *i;_; e e ]
(=] r -
=~ S S R — I : I : -
2 VO s ; :
= 08fF . § ® o o ]
; 0.6 [ 1 ° $ 1
Sl . ]
0.4 | 9 ' | : | : | ; |
IMe swipwe g ]
Z6H B Swift M2 o "
= G & swinwi 3 ] ;
15F t } t } t } t } t —
H® Swiftu ' ' ' ' - ]
= 12H & swpB - g’f* ¢ :i .
k= g[| & swartsB . bl i¥ &
o | & switv ¥, ]
=~ 6l ¥ svarsv | ¥ I X i e * 4
H & STEWARD V | : | : | : | : I
Zg | @ SMARTSJ u 7]
N ® SMARTSK = ™ 1
E ol m = " i
= 30 o . - - . "
15 e o 8 B o o ° e © o ° o o
24F = I = | : : : | : -
= 15k . w * i
— B * * * i
S 12t Lo -
— T0F } } } } } } } } " } —
0 . ¥ *
g0 60 * K " E
:ES/ B Y g
: 50 * _
E L | 1 | 1 | 1 | 1 |
0 4 8 12 16 20

Time (MJD - 56640)

Figure 1. Multi-frequency light curves of 3C 279 covering the ~y-ray flaring period. The units of the Fermi-LAT and Swift/XRT data points are 10~ phem™
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NuSTAR monitoring epochs.

for the presence of curvature. A TS, . > 16 suggests the
presence of significant curvature (Nolan et al. 2012). The fitting
parameters are given in Table 1 and the resultant SEDs are
shown in Figure 4. No statistically significant curvature is
found. At the peak of the v-ray flare, the derived ~-ray spectral
shape is hard and is well explained by a PL model.

3.4. Spectral Energy Distributions

The broadband SEDs of 3C 279 are generated during three
sub-periods and are shown in Figure 5. We average the flux
over each of the three time intervals and the derived values are
presented in Table 2, except for Fermi-LAT data, which are
given in Table 1. The broadband SEDs are reproduced
considering the model presented in Section 3.4.1.

3.4.1. Model Setup

We consider a one-zone lepto-hadronic model in which a
population of relativistic protons is continuously injected with a
PL distribution Q,(v,) = Qo'y;qﬂH (V> Vp.min® Vp.may) I0LO @
spherical emission region of comoving radius R and a
randomly oriented magnetic field of strength B. Here,
H (x; a, b) is the Heaviside function defined as H =1 if
a <x<b and H = 0 otherwise. The size of the emission

25 ! and

region is constrained through the variability timescale, Aty,,,
using the relation R < cAty,/(1 4+ z), where z denotes the
redshift to the source. The emission region moves along the jet
with relativistic bulk Lorentz factor I' (see Diltz et al. 2015).
Following the injection, the electrons and protons emit
synchrotron radiation from the radio to high-energy ~-rays.
Large magnetic fields, B > 10 G, are necessary in order for the
protons to produce significant synchrotron radiation in the
broadband emission of relativistic jets and to ensure that the
proton Larmor radius is confined to within the size scale of the
emission region, R ~ 10" cm. The time evolution of the
injected particle distributions are modeled through separate
Fokker—Planck equations. The proton Fokker—Planck equation
incorporates losses due to synchrotron, pion production, and
adiabatic processes. With the large magnetic fields necessary
for the fits, only synchrotron losses are taken into consideration
for the electron/positron Fokker—Planck equation.

With the proton distribution and the photon fields, we
compute the pion production rates based on the photo-hadronic
interaction cross section between protons and photons. The
total proton—photon cross section is divided into different
components, corresponding to separate channels through which
the neutral and charged pions are produced. These channels
include direct resonances (such as the A resonance), higher
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Figure 1. The bottom panel represents the variation of the hardness ratio (see Equation (2)) for 6 hr binned data, as a function of time.
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Figure 3. Background-subtracted 3—79 keV light curves of 3C 279, extracted from the NuSTAR observations. The FPMA and FPMB count rates are summed and

3 ks binning is applied.

resonances, direct single-pion production, and multi-pion
production. We use analytic expressions for the neutral and
charged pion production rates in these different channels in
order to determine the overall neutral and charged pion
distributions (Hiimmer et al. 2010). The production rates are
used as injection terms in a Fokker—Planck equation. Because
of the short decay time for the neutral pions, fgecay ~ 10717 s,
we assume that they decay instantaneously into photons. The
charged pions emit synchrotron radiation before they decay to
produce charged muons and neutrinos. The muons then follow
their own Fokker—Planck equation, emitting synchrotron
radiation before decaying into electron/positron pairs and
neutrinos. Both Fokker—Planck equations of the secondary
particles take into account synchrotron radiative losses,
injection rate, escape, and decay time. The electron/positron
production rates resulting from the decay of charged muons

serve as an additional injection term for the electron/positron
distribution (see Diltz et al. 2015). The coupled Fokker—Planck
equations are numerically solved using the Crank—Nichelson
scheme to produce equilibrium distributions for each particle
species. With these particle distributions, we compute the
broadband SED from synchrotron emission of protons, pions,
muons, and secondary electrons/positrons as well as Compton
scattering of electrons /positrons. Since the pion production rate
dominates over the loss rate from Bethe—Heitler pair produc-
tion, the latter is not expected to play an important role in our
model and, therefore, is omitted.

The particle distributions can also interact with magnetohy-
drodynamic waves in the emission region. A resonant
interaction between the particle and the transverse component
of the electric field of the MHD wave takes place when the
Doppler-shifted wave frequency is a constant multiple of the
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Table 1
Results of the y-ray Spectral Fitting of 3C 279, Obtained for Different Activity States

Period Activity Model Fo.1-300 Gev To.1-300 Gev/ ¢ 8 TS TScurve
[1] [2] (3] 4 [5] [6] [7] [8]
56,640—56,645 Low activity PL 0.84 + 0.08 2.48 + 0.09 403.06

LP 0.81 £+ 0.08 2.38 + 0.12 0.09 + 0.08 403.13 1.47
56,645—56,649 Flare 1 PL 3.76 + 0.30 1.95 + 0.05 1245.89

LP 3.30 + 0.33 1.70 + 0.12 0.09 + 0.04 1272.25 6.46
56,649—56,660 Flare 2 PL 1.90 £+ 0.14 2.28 + 0.06 991.19

LP 1.79 + 0.15 2.15 + 0.10 0.07 £ 0.04 994.27 3.20

Note. Column [1]: period of observation (MJD); Column [2]: activity state; Column [3]: model used (PL: Power Law, LP: LogParabola); Column [4]: integrated y-ray
flux (0.1—300 GeV), in units of 107° phcm~2s~!; Columns [5] and [6]: spectral parameters; Column [7]: test statistic; Column [8]: TScyrve-
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Figure 4. Gamma-ray flux distributions of 3C 279 during different activity
states. Power-law and logParabola models are shown with dotted and dashed
lines, respectively. The residuals in the lower panel are with respect to the
power-law model.
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Figure 5. Fermi-LAT SEDs of 3C 279 during different activity states. The
green data points represent the SED for the low-activity state, whereas red and
blue points correspond to the Flare 1 and Flare 2 periods. Silver gray points
represent the archival observations.

particle gyrofrequency in the particle guiding center frame. The
particle will observe either an accelerating or decelerating
electric field in the transverse direction of motion over a
fraction of the cyclotron period, resulting in an increase or
decrease in energy. The particle gyro-resonant interactions with
MHD waves causes the particle distributions to diffuse in
energy, pushing particles to higher and lower energies. This
energy diffusion typically causes the particle distributions to
have a pronounced curvature in the energy spectrum. Increased
curvature has been reported in the high-energy spectral
components in blazar modeling (e.g., Abdo et al. 2010c). An
MHD wave spectral index of p =2 is used to model the
particle diffusion in this study.

To explain the flaring states, we assume that the protons are
energized as a shock front within the jet becomes compressed.
The increasing shock strength leads to more efficient proton
acceleration and, thus, a harder proton spectrum. The harder
proton spectrum makes the synchrotron spectrum harder, which
explains the harder synchrotron spectrum in the Swift/XRT and
NuSTAR measurements, observed during the flare state. As the
protons cross the shock front, they encounter increased
turbulence downstream. The protons interact with this
increased turbulence downstream, which thereby increases
the efficiency through which the protons gain and lose energy
through Fermi II acceleration. The increased efficiency of
stochastic acceleration causes the particle distribution to diffuse
in energy, changing the spectral curvature of the synchrotron
spectrum. The increased acceleration efficiency also affects the
pions, muons, and electrons/positrons generated from photo-
hadronic interactions. A combination of a harder spectral index
and an increase in the stochastic acceleration of the protons
causes an increase in muon emission around ~100 GeV. There
is no observed increase in the optical emission for the initial
flare. In the context of hadronic modeling, this implies that the
electron population responsible for the synchrotron emission
seen at optical wavelengths is unaffected by this perturbation.

Following the initial v-ray flare, there is a second flare in the
optical, X-ray, and 7-ray bandpasses. This implies that both
particle populations are affected and contribute to this flare. We
model a perturbation to the electron injection spectrum in
which the injection luminosity, electron spectral index, and the
efficiency of stochastic acceleration change. The proton
distribution goes through the exact same perturbation setup
as the first flare, but with a smaller amplitude. The protons and
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Table 2
Results of the Analysis Performed to Generate Broadband SEDs

NuSTAR
Activity state Exp.? Dy 70kev® F3_79kev® Norm.¢ Stat.
Low activity 40 1.7475% 3.20709% 294047 509.62/470
Flare 2 43 176303 2317003 6.21%934 658.70/688

Swift-XRT
Activity state EX]:).a 13- 10kev f Fy3-10kev® Norm.¢ Stat.®
Low activity 2.14 16891 2.0410% 2.89°023 19.98/27
Flare 1 3.89 1507998 2.78%047 3.32%018 59.06/71
Flare 2 28.10 144739 3.615007 4055097 345.10/355

Swift--UVOT

Activity state vh B" uh uvwih uvm2" uvw2h
Low activity 4.01 £ 0.22
Flare 1 7.98 4+ 0.34 6.78 4+ 0.26 5.83 +0.24 4.68 + 0.26 498 + 0.26 4.15 4023
Flare 2 10.87 + 0.12 5.81 £ 0.30 493 + 0.30 6.63 £ 0.09 433 +0.24

SMARTS
Activity state B! Vi R’ Ji K
Low activity 6.37 £ 0.09 7.00 £ 0.06 8.23 + 0.05 10.60 + 0.05 17.71 + 0.05
Flare 1 8.76 + 0.06 10.48 + 0.07 3431 + 0.15
Flare 2 9.42 4+ 0.03 12.13 + 0.03 15.16 + 0.04 35.05 + 0.06

Notes. Fermi-LAT analysis results are presented in Table 1.

 Net exposure in kiloseconds.

® Photon index of the power-law model in the 3—79 keV energy range.

¢ Power-law flux in 3—79 keV energy range, in units of 10! ergcm=2s~".
4 Normalization at 1 keV in 107> phem=2s~! keV ™.

e_ Statistical parameters: y2/dof.

[ Photon index of the absorbed power-law model in the 0.3—10 keV energy range.
£ Unabsorbed flux in units of 107" ergecm 2 s, in the 0.3—10 keV energy band.

h Average flux in Swift V, B, U, W1, M2, and W2 bands, in units of 10712 erg em 25l

! Average flux in SMARTS B, V, R, J, and K bands, in units of 1072 erg em 2 s L

electrons cross the shock front, obtain changes in their spectral
indices, and diffuse in energy from the increased stochastic
acceleration. Given the physical scenario outlined, for the first
flare, we modify the proton spectral index, injection luminosity,
and the acceleration efficiency using the following relations:

(1) = Gy + Ky - e (710727 3
Linjo
1+ K; - e~ (t=10)*/207

Liy; (1) = “4)

Tace,0

face (1) = 1+ Ky - - -10°/20° ©)
where the constant K denotes the strength of the perturbation
for the particle spectral index, injection luminosity, and
acceleration timescale. The terms 905 Lipj,0, and fyec,0 denote
the particle spectral index, injection luminosity, and stochastic
acceleration timescale during quiescence, respectively. The
variable o represents the duration of the perturbation in the
comoving frame and #; denotes the time where the perturbation
peaks in our simulation. The value of ¢ is related to the
propagation time of the shock. The size scale, R, of the
emission region yields a sigma value of 0 ~ t ~ R/vy,, where

vy, denotes the size scale of the shock. The value of o is
assumed to be the same for all three perturbations for a given
flare. The values for o are chosen to reproduce the rise and
decay times of the light curves in the different bands for both
flares. These perturbations ensure that the proton synchrotron
produces a harder spectrum and an increased luminosity in
order to explain the first v-ray flare centered at MID 56,646.
The electron and proton perturbation in the second flare, MJD
56,656, is modeled with the same Gaussian functions in time as
the protons for the first perturbation. Negative values for the
spectral index perturbation, K, indicate a spectral hardening,
while a positive value gives a spectral softening. Conversely, a
positive value for the injection luminosity perturbation
indicates a drop in the particle luminosity, while a negative
value indicates an increase.

An alternative approach to reproduce the 2013 December
flare can be the use of two-zone leptonic emission scenario. In
this approximation, a large region emits primarily in IR to
X-rays with some contribution in the ~-ray band, whereas a
small fast-moving emission region emits predominantly in the
~-ray energy regime. The relatively slow variations seen in the
IR to X-ray fluxes during the +-ray activity period support their
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origin from a large emission region. On the other hand, a fast
~-ray flare could be emitted by a smaller emitting region. This
approach is similar to that adopted by Tavecchio et al. (2011) to
explain very fast VHE variations and a hard GeV spectrum
observed from FSRQ PKS 12224216. During the 2013
December flare, the VHE monitoring of 3C 279 from the
ground-based Cherenkov telescopes was not possible due to
full moon period. Therefore, unlike PKS 12224216, we could
not constrain the location of the +-ray emitting region. This is
due to the fact that a confirmed VHE detection will rule out the
possibility of the inside broad-line region (BLR) origin of the
~-rays. Therefore, in this work, we present the results according
to both inside and outside BLR location of the fast-moving
small emission region. The precise measurement of the distance
of the emission regions from central engine is not very
important, since the radiation fields of both BLR and IR-torus
remain uniform in the comoving frame, as long as the emission
region is inside the respective components (Ghisellini &
Tavecchio 2009). Moreover, we assume that both emission
regions do not interact with each other (see e.g., Tavecchio
et al. 2011). The size of the large emission region is constrained
by adopting it to cover the entire jet cross section with a jet
semi-opening angle of 0.1 rad. The size of the small emission
region is derived from the observed fastest y-ray variability. To
model the broadband SEDs, we follow the guidelines presented
in Ghisellini & Tavecchio (2009) and Dermer & Menon (2009)
and here we describe it in brief. The emission region moves
with a bulk Lorentz factor I' and is assumed to be filled with
electrons having a smooth broken PL energy distribution

(York)? )

N(@) =N ,
@ ’ v/ vord? 4 (v/vor)?

where p and g are the energy indices before and after the break
energy (), respectively. The synchrotron and SSC emissions
are calculated under the assumption of a uniform but tangled
magnetic field (e.g., Finke et al. 2008). The electrons also
scatter the photons entering from the accretion disk, the BLR,
and the dusty torus via the EC process (Dermer & Menon
2009; Ghisellini & Tavecchio 2009). The jet powers are
derived following the prescriptions of Celotti & Ghisellini
(2008). The leptonic model used here does not consider
radiative losses to calculate the particle spectrum.

3.4.2. SED Modeling Results

We perform a parameter study to provide a rough fit to the
average SED of 3C 279 by running our time-dependent lepto-
hadronic code with time-independent input parameters and
waiting for the particle and photon spectra to approach
equilibrium. To reproduce the equilibrium solutions quickly,
we set the time step initially to ~107 s. This time step is larger
than the radiative and acceleration timescales that determine the
evolution of the particle distributions in the Fokker—Planck
equations. The implicit Crank—Nichelson scheme, used to
numerically solve the Fokker—Planck equations, ensures that
the simulation converges to a stable solution after a few time
steps.

Given the large set of input parameters, we try to constrain as
many input parameters as possible from observational data. We
have several parameters that we can constrain by observations.
The redshift is given as z = 0.536. With the superluminal
motion speed, we set a lower limit to the bulk Lorentz factor,

PALIYA ET AL.

Table 3
Lepto-hadronic Parameter Values Used for the Equilibrium Fit
to the SEDs of 3C 279

Parameter Symbol Value
Magnetic field B 30G
Radius of emission region R 1.62 x 10" cm
Constant multiple for escape timescale n 11.0
Bulk Lorentz factor T 18
Observing angle Oobs 5.5 x 1072 rad
Minimum proton Lorentz factor Yp,min 1.0
Maximum proton Lorentz factor Vp.max 4.5 x 108
Proton injection spectral index ap 2.4
Proton injection luminosity Lpinj 9.84 x 104 erg s~!
Minimum electron Lorentz factor Ye.min 1.72 x 102
Maximum electron Lorentz factor Ve.max 2.0 x 10°
Electron injection spectral index q. 3.6
Electron injection luminosity Lenj 441 x 10 erg s7!
Supermassive black hole mass Mgy 3.0 x 108 M,
Eddington ratio Igdd 5.15 x 1072
Blob location along the jet axis Raxis 0.019 pc
Ratio between the acceleration and escape  faee/Zesc 5.0
timescales

I' > 18. The observing angle is set by using the relation
Oops = 1/T so that 6 = I'. The variability timescale for the
~-ray flare is given by Atyarobs ~ 1.5 hr. The luminosities of
the accretion disk and the BLR are Lgig = 2.0 x 10% erg s™*
(Pian et al. 1999), and Ly g = 2.0 x 10* erg s~' (assuming
BLR to reprocess 10% of the disk luminosity). From the
variability timescale, we can constrain the location of
the emission region along the jet, Raxis ~
2T%c¢t,/(1 +2) ~5.84 x 10'® cm. With the luminosity
of the BLR, we can determine the characteristic size of the
BLR using the luminosity—radius relation (Bentz et al. 2013).

For the parameters that are not directly constrained by
observations, we perform a “fit-by-eye” method to determine
the values of the remaining set. The unconstrained parameters
are adjusted until a reasonable fit to the SED is obtained. In the
context of lepto-hadronic modeling, the X-ray to soft and
intermediate y-ray emission is explained by proton synchrotron
radiation, while the radio to UV emission is best explained by
synchrotron radiation from electrons/positrons. We also
require a spectral component due to electron SSC, in order to
improve the fits in the X-ray band. For our lepto-hadronic
model, we require that the proton distribution and the magnetic
field are constrained such that muon and pion synchrotron
emission is no longer negligible in the SED fitting (see Diltz
et al. 2015). As a result, the high-energy emission beyond
10GeV is explained by synchrotron emission from muons.
From the fits, we find the magnetic field to be roughly ~30 G.
The magnetic field allows the jet to become particle dominated
with an equipartition parameter between the particle kinetic
luminosity and magnetic field of €, &~ 2.0 x 103. The value
selected for B also ensures that the X-ray flux for 3C 279 in the
quiescent state is due to a combination of proton synchrotron
and electron SSC emission. A full list of parameters for the
SED of 3C 279 is given in Table 3.

After the system has reached equilibrium to the SED fitting,
we modify one or more of the input parameters as a Gaussian
function in time to simulate a flaring scenario as specified in
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Figure 6. Time-dependent lepto-hadronic model fits to the multi-wavelength spectral energy distribution of 3C 279. Symbols have their usual meaning as mentioned

in Figure 5.

Table 4
Model Light Curve Fit Parameters Obtained from the Lepto-hadronic Modeling
Scenario ols] K, Koce K;
Proton (1st Flare) 40 x 10° -0.3 3.0 0.95
Proton (2nd Flare) 4.0 x 10° —0.25 1.0 2.8
Electron (2nd Flare) 4.0 x 10° 0.35 4.5 —0.57

Note. The negative value for the electron spectral index to model the second
flare represent a hardening of the spectral index. The negative value for the
electron injection luminosity indicates an increase in electrons to model the
flaring state

Equations (3)—(5). The results of the SED generation and
modeling, as described above, are presented in Figure 6 and
associated modeling parameters are provided in Tables 3 and 4.

In the leptonic emission scenario, we start with modeling the
low activity state where the broadband SED can be reproduced
by a single-zone approximation. This constrains the physical
parameters associated with the large emission region. Further,
to explain both Flare 1 and Flare 2 SEDs, we adopt a two-zone
modeling approach in light of the above-mentioned discussion.
The resultant SEDs along with the models are shown in

Figures 7 and 8. The parameters associated with the modeling
are provided in Table 5.

We have considered the radiations from two independent
regions, and therefore we have more freedom in choosing
parameter values since their number is relatively large.
However, the choice of the parameters is not completely
arbitrary and is driven by the following constraints.

Large emission region—The observed optical-UV SED is
primarily emitted by the large region and this not only
constrains the shape of the electron energy distribution but also
the peak of the synchrotron emission, which in turn controls the
location of the IC peak. The properties of the IC radiation are
further constrained by the X-ray and v-ray spectra. Since we
assume that the contribution of the large region to the observed
MeV-GeV flux is significantly lower than that of the small
emission region, together with its significant contribution to the
observed X-ray spectrum, we are able to constrain both the
Doppler factor and the magnetic field. Moreover, the observed
optical polarization is also assumed to originate from this
region. In this work, we assume the large emission region to be
located inside the BLR, which is in agreement with that
generally found for FSRQs (Ghisellini et al. 2010).
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Figure 7. Broadband SED of the low activity period. The black dotted line

represents the thermal radiation from the accretion disk, whereas the solid line

is the total radiation predicted by the model. As can be seen, a single-zone
leptonic emission model successfully reproduced the observations.

Small emission region—It is assumed to dominate the
observed ~-ray spectrum but contribute negligibly at optical—
UV and X-rays. Adopting the condition that the SSC
component should lie below the observed X-ray flux, we are
able to constrain the magnetic field (0.1—1 G) and Doppler
factor (6 2 50). Finally, the electron energy density (and
magnetic field also) is determined by the observed v-ray flux
and by applying the condition that the synchrotron emission
lies below the detected optical-UV flux. Lack of VHE
observations precludes us from constraining the location of
the emission region. As can be seen in Figure 8, the y-ray
spectrum decreases sharply for the case of inside the BLR
scenario, due to the Klein—Nishina effect. However, if lying
outside the BLR, the model predicts significant VHE radiation.
For the rest of the physical parameters, associated with both
large and small emission regions, we adopt the values typically
inferred in FSRQs (e.g., Ghisellini et al. 2010).

4. DISCUSSION

The highest «-ray flux during the peak of the flare (Flare 1) is
obtained as ~21.2 x 107> ph cm~2s~!, which is similar to that
seen during the 2014 April y-ray outburst from the same object
(e.g., Paliya et al. 2015) and comparable to the highest fluxes
observed by EGRET on board CGRO (Wehrle et al. 1998). The
shortest flux doubling timescales are also similar during both
epochs. There are, however, a few interesting differences. The
~-ray spectrum during the 2014 April flare showed a significant
curvature (Paliya et al. 2015), whereas the 2013 December flare
exhibited an extremely hard 7-ray spectrum. Although there
were no simultaneous X-ray measurements at the peak of the
2013 December flare, the closest Swift/XRT observation
reveals the flux level to be similar to that during 2014 April
flare. In this respect, the observation of a bright X-ray flare
during the Flare 2 phase without a clear 4-ray counterpart is

10
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worth noticing. Also, in the optical band 3C 279 does not show
a simultaneous optical and ~-ray flare. The optical flux appears
to peak during the decaying part of the y-ray flare (see
Figure 1). These observations are in contrast to what was
seen during the 2014 April flare where flux enhancement
was detected across the electromagnetic spectrum (Paliya
et al. 2015).

In Figure 9, we compare the SEDs of 3C 279 covering the
period of peak ~-ray activity during the 2013 December and
2014 April flares. As can be seen in this plot, flux levels at
X-ray and v-ray energy bands are similar, whereas the optical
flux was lower during the 2013 December event. The shape of
optical and X-ray SEDs remains the same during both flares,
but what is more interesting is the change in the shape of the
~-ray spectrum. In the one-zone leptonic emission scenario, the
shape of the synchrotron spectrum constrains the shape of the
high-energy ~-ray radiation, assuming that the same population
of electrons is responsible for both spectra. If this is the case, a
falling optical spectrum should correspond to a steep ~-ray
spectrum, which is observed in the 2014 April flare. However,
a rising ~-ray spectrum, as seen during the 2013 December
flare, is difficult to explain in light of the abovementioned
theory, since the optical spectrum is declining. This observation
hints that a single-zone leptonic emission model may not be
able to explain the hard ~-ray flare detected in 2013 December.
Moreover, an individual 4-ray flare occurring with no IR/
optical /UV flare is problematic for one-zone leptonic model-
ing. It would seem to suggest that a multi-zone leptonic model
or a lepto-hadronic model would work best. The lepto-hadronic
model can work since there are two different particle
populations being affected by the conditions for the flare.
The hadrons respond first, then the leptons would follow suit,
producing flares at different times. However, for the case of the
flare of 3C 279 in 2013 December, as discussed below, it
requires a second hadronic flare to occur alongside the leptonic
flare. This would suggest that the initial y-ray flare may be its
own distinct flare and has no connection with the second flare
that follows after. One-zone leptonic models, thus, are unlikely
to explain this flaring scenario. Therefore, we reproduce these
peculiar observations following two independent approaches, a
time-dependent lepto-hadronic emission scenario and a two-
zone leptonic radiation model.

We find that the model fits for the broadband emission for
the first flare are satisfactory. When the flare is switched on,
with a time step of At = 2.0 x 107 s in the comoving frame,
there is a gradual increase in both X-ray and ~-ray emission.
The proton spectral index steadily gets harder and conforms
with the spectral indices observed in the X-rays in the flaring
state. The harder proton spectral index and the increased
efficiency of stochastic acceleration pushes the proton
synchrotron peak frequency to higher energies. This in turn
causes the muon synchrotron emission to increase and produce
the extended ~-ray emission beyond 10%* Hz. The v-ray flare,
centered at MJD 56,646, and the flares in the Swift B, and V
and SMARTS R, centered at MJD 56,656, can also be
reproduced by the perturbation setup outlined above. The
steady rise in 3-79keV NuSTAR light curves for the 2013
December flare can also be explained by our model. However,
we obtain poor fits for the 2013 December flare in the
0.3-10keV energy range with our model due to lack of
extended coverage during both flaring events. As a result, we
omit the figure from this paper (see Figure 10).
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Figure 8. Modeled SEDs covering Flare 1 (left column) and Flare 2 (right column). Symbols have the same meaning as in Figure 5. The red dashed line represents the
total radiation from the large emission region, whereas the blue long-dashed line corresponds to that from the small emission region. The solid black line is the sum of

all the radiations.

After the ~-ray flare has subsided, the second flare is
initiated, with a time step of At = 2.0 x 10° s in the comoving
frame. The proton injection spectrum goes through the same
perturbation setup and reproduces the weaker ~7-ray flare
observed in the Flare 2 state, centered at MJD 56,656.
Simultaneously, the electron injection spectrum hardens to
produce the increased optical emission. An interesting feature
is seen in the spectral break in the X-rays around ~10'® Hz as
measured by Swift/XRT and NuSTARduring Flare 2. The
electron injection luminosity increase produces a marked

11

increase in the emission due to SSC. The combination of
increased SSC and proton synchrotron emission reproduces
both the increased X-ray emission and the spectral break
observed in the Flare 2 state. A counter-intuitive requirement of
this scenario is that a softer electron spectral index is needed in
order to raise the electron injection luminosity high enough to
reproduce adequate fits to the X-ray flux. The data show that in
the Flare 2 state the electron synchrotron spectrum is harder
compared to the previous flare state. A complete list of flare
fitting parameters is given in Table 4.
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Table 5
The SED Model Parameters Obtained by Adopting the Two-zone Leptonic Emission Scenario
Activity State  Location Rsize [ T B Vork Vonax )4 q U, P, B, Py P
Low Large region inside BLR 1 x 10" 17 9 29 579 3x10* 19 52 0.27 4426  46.61 4435 4487
Flare 1 Large region inside BLR 1x10"° 18 9 2.0 685 3x 10 19 52 0.36 4441 4676 44.06 4497

Small region inside BLR 5x10° 54 40 055 1139 5x10* 16 4.8 0003 43.15 4502 4377 4484
Small region outside BLR 5 x 10'® 56 45 020 3140 5x 10* 1.6 48 0006 4357 4526 43.02 4497

X
X

Flare 2 Large region inside BLR 1x10"% 18 9 29 514 3x10* 1.6 52 0.21 4422 4624 4442  45.05
Small region inside BLR 5x 10 47 30 025 3053 5x10* 1.6 48 0002 4254 4423 4272 44.00
Small region outside BLR 5 x 10> 47 30 0.2 4407 5 x 10* 1.6 48 0.005 4298 44.61 42.08  43.90

X
X

X

Note. The black hole mass and the accretion disk luminosity are taken as 3 x 10°M,, and 2 x 10* erg s™!, respectively. The viewing angle and characteristic

temperature of the IR torus are taken as 1° and 1000 K, respectively. The minimum lorentz factor of the emitting electrons is adopted as unity. The parameters are as
follows. Rgiy. is the size of the emission region in centimeters, ¢ is the Doppler factor, I' is the bulk Lorentz factor, B is the magnetic field (Gauss), 7, and 7, are the
break and maximum Lorentz factors, p and g are the slopes of the underlying broken power law electron energy distribution, and U is the particle energy density
(erg cm ). The last four columns report the jet power in electrons, protons (assumed to be cold and having equal electron number density), magnetic field, and in
radiation, in logarithmic scale.

105 — T — T —— The combination of proton synchrotron and SSC emission can
F ] explain the increased X-ray flux and the spectral break
100 1 ] observed with Swift/XRT and NuSTAR. This scenario requires
ﬂ that the jet becomes very strongly particle dominated. The
[ L] ] magnetic field is ~30 G, and the ratio of particle kinetic energy
= 1070 3 to magnetic energy is € ~ 2.0 x 103. Given the estimated
o '.\ location of the emission region, Ry = 0.019 pc ~
g o1l J 5.84 x 10'® cm, the particle-dominated scenario conflicts with
g ""h .f a Poynting-flux-dominated scenario expected at these locations
E 10*‘2£ ] close to the supermassiye l?lack hole (e.g., McKinney
R E et al. 2012, but see Zdziarski et al. 2015). However, the
i ] synchrotron and SSC spectral components that make up the
107 8L e broadband emission for the one-zone lepto-hadronic model do
F & & 2014 April ] not depend on the location of the emission region. The

[ HH HiIH 2013 December ] L g e . .
10-14 L . I — ) L observed variability timescale can be caused by other physical
101 10" 10 101 1072 10% processes further down the jet where the emission zone can be
v (Hz) particle dominated. Furthermore, as the mechanisms of jet
Figure 9. Comparison of the broadband SEDs of 3C 279 at the peak of ~-ray launching, acceleration, and collimation are still POOI'IY under-
activity during the flares in 2013 December and 2014 April. stood, we do not believe that a strongly particle-dominated jet

can be completely ruled out.

Both the two-zone leptonic and the lepto-hadronic emission
models used in this work are able to produce acceptable fits to
the observed SEDs of 3C 279. However, the physical

In summary, we find that the hadronic model presented here
produces satisfactory fits for the SED and both the initial y-ray
flare and the subsequent flaring in the optical and 7-ray bands .
following the initial flare. For the X-rays, while we are able to parameters r;turned by the above two'mod'el fits are ot in
reproduce the NuSTAR light curve, we are unable to model the agreement with each ot'her. F uture p'olarlmetnf: ob'se‘rvatl'ons' at
Swift /XRT light curve with the lepto-hadronic model. The lack X-ray and ~-ray energl.es.wﬂl certainly help.ln (11st1ngu1sh}ng
of coverage and binning in the Swift/XRT band for both flares between thege two radiative processes working in blazar jets
makes it difficult to reproduce the light curves in this band. A (Zhang & Béttcher 2013). ) )
perturbation of the proton spectral index and the efficiency of The multi-wavelength observations of 3C 279 during the
stochastic acceleration explain the initial hard ~-ray flare. An twin ~-ray flares in 2013 December and 2014 April have

increase in the injection luminosity and a change to the electron revealed many peculiar features. The .spectr.al characteristics of
injection spectral index produce adequate fits to the optical and the source were fgund to be the same in optlcal—UV.and X-rays
X-ray spectra and light curves. The combination of electron during both activity states; however, ~-ray observations clearly
SSC and proton synchrotron explains the spectral break show a change in the spectrum over the course of four months.
observed in 3C 279 in the Flare 2 state following the initial Moreover, the multi-wavelength variability behavior of the
2013 December flare. A perturbation to the proton injection source also changed dramatically with an uncorrelated flux
similar to the initial y-ray flare then explains the flaring in the variations seen in 2013 December and a simultaneous flux
~-ray band during Flare 2. In the context of hadronic modeling, enhancement during the 2014 April flare. As discussed above,
proton synchrotron explains the emission from soft X-rays to the 2013 December flare cannot be explained by one-zone
GeV ~-rays. By lowering the magnetic fields and increasing the leptonic models and we need to look for alternative approaches
proton and electron injection luminosities, substantial SSC such as multi-zone leptonic or lepto-hadronic modeling. These
emission can take place, centered around soft to hard X-rays. observations hint at the presence of a variety of radiative

12
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Figure 10. Results of the model fitting to the observed multi-wavelength light curves, using the time-dependent lepto-hadronic approach described in the text.

processes working at different activity levels in the jet, of
which these twin flares are just an example. Overall, the
observations reflect the level of complexity involved in
understanding the physical properties of blazars and we do
need to carry on continuously monitoring using broadband
observational facilities as close as possible in time for better
understanding of the these peculiar objects.

5. SUMMARY

In this work, we study the giant y-ray flare observed from 3C

279 in 2013 December. Our main findings are as follows.

1. The highest -ray flux, in the energy range of 0.1—-300 GeV,

is found to be (1.2240.25) x 107> ph cm 25!, This is
similar to the flux level seen during the 2014 April flare,
but less than that observed during 2015 June ~-ray
outburst (Paliya 2015). The associated photon index is
extremely hard and has a value of 1.70 & 0.13. The
fastest y-ray flux doubling time of 3.04 £ 0.77 hr is also
detected. These results are in line with the findings of
Hayashida et al. (2015).

. During Flare 2, a bright X-ray flare is observed with flux

doubling time as short as 2.89 £ 0.67hr. This is
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probably the first report of such an extremely fast X-ray
variability seen from 3C 279.

. Unlike the 2014 April outburst, the ~-ray flare during

2013 December exhibits a hard ~-ray spectrum and an
uncorrelated multi-wavelength  variability behavior.
These observations are difficult to explain by the
commonly accepted one-zone leptonic emission scenario,
and thus alternatives such as time-dependent lepto-
hadronic and multi-zone leptonic radiative models are
proposed to explain the observed phenomena.

. The observed SEDs, optical U, B, V, NuSTAR, and

Fermi ~-ray light curves can be explained by a one-zone
lepto-hadronic model. However, we obtain poor fits to the
Swift/XRT light curve during both flaring events.
Synchrotron emission from a distribution of electrons/
positrons and protons produces IR-UV and intermediate-
to high-energy ~-rays. A combination of electron SSC
and proton synchrotron produces adequate fits to the soft
to hard X-rays. Synchrotron emission from secondary
particles generated through photo-hadronic interactions
between the protons and photons generates a VHE
spectral component beyond 20 GeV.



THE ASTROPHYSICAL JOURNAL, 817:61 (14pp), 2016 January 20

5. For the 2013 December flare, an initial spectral hardening
of the proton distribution and an increase in its
acceleration efficiency was used. This produces the initial
harder ~-ray spectrum observed in the SED and the
flaring in the Fermi band. A second spectral hardening
for the proton distribution follows, with a spectral
softening of the electron distribution to explain the
flaring after the initial v-ray flare. A combination of the
increase in electron SSC and proton synchrotron
adequately produces the X-ray spectral break observed
in the Flare 2 state.

6. In the context of a one-zone lepto-hadronic model, the
hadrons are compressed at a shock front and obtain
energy due to Fermi II processes from the increased
turbulence downstream. The protons are accelerated
much more efficiently than the electrons, which could
explain the lack of an optical flare to coincide with the
2013 December ~-ray flare. Both particle populations are
compressed from a shock front and increase in energy
and luminosity during the 2014 April flare. This suggests
that the two flaring events are likely not correlated.

7. The observed SEDs can also be successfully reproduced
by a two-zone leptonic radiative model. In this approach,
a large emission region is found to emit IR to X-rays,
whereas ~-ray emission is explained by a relatively fast-
moving small emission region. Due to unavailability of
VHE observations we could not constrain the location of
the +-ray emitting region.
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