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We study the long-term behavior of the bright gamma-ray blazar PKS 0402-362. Over a span of
approximately 12.5 years, from August 2008 to January 2021, we gathered Fermi-LAT temporal
data and identified three distinct periods of intense 𝛾-ray activity. Notably, the second period
exhibited the highest brightness ever observed in this particular source. We observed most of
the 𝛾-ray flare peaks to be asymmetric in profile suggesting a slow cooling time of particles or
the varying Doppler factor as the main cause of these flares. The 𝛾-ray spectrum is fitted with
power-law and log-parabola models, and in both cases, the spectral index is very steep. The lack of
time lags between optical-IR and 𝛾-ray emissions indicates the presence of a single-zone emission
model. Using this information, we modeled the broadband SEDs with a simple one-zone leptonic
model using the publicly available code ‘GAMERA’. The particle distribution index is found to
be the same as expected in diffusive shock acceleration suggesting it as the main mechanism of
particle acceleration to very high energy up to 4 - 6 GeV. During the different flux phases, we
observed that the thermal disk dominates the optical emission, indicating that this source presents
a valuable opportunity to investigate the connection between the disk and the jet.
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1. Introduction

Active Galactic Nuclei (AGN) are widely accepted to have a supermassive black hole (SMBH)
at the center, which accretes matter from the surrounding and forms an accretion disk. A small
fraction of these (10 - 15%) also releases matter in the form of jets perpendicular to the disk plane.
AGN is classified as radio galaxies and Seyfert galaxies, depending upon the orientation of the jet
to the observer [1]. In some cases, AGN jets directly point to Earth observers, which are known
as blazars, the most powerful subclass of AGNs. The entire emission of blazars is primarily from
the relativistic jet and exhibits a characteristic broad double-humped spectral energy distribution
(SED) with one peak occurs in the near-infrared (NIR) to X-ray range (low-energy hump), while
the other appears at MeV-GeV energies (high-energy hump). The origin of the low-energy hump is
widely acknowledged as synchrotron emission from relativistic electrons within the jet. However,
the origin of the high-energy hump remains a subject of debate, with arguments pointing towards
both leptonic and/or hadronic processes. In the leptonic scenario, high-energy leptons scatter
low-energy photons, which may be the synchrotron photons themselves (known as Synchrotron
Self-Compton[2]) or can be supplied from outside the jet such as from the Broad-Line Region
(BLR), Dusty Torus (DT) or accretion disk (referred to as external Compton [3]).
Over the past 15 years, the field of gamma-ray astronomy has experienced significant growth,
largely attributed to the remarkable contributions of the Fermi-LAT instrument. The spectral and
temporal data from this instument, along with data from other instruments in the optical to x-ray
range, presents a remarkable opportunity for researchers to understand the emission region of 𝛾-ray
bright blazars. These include the primary mechanisms responsible for gamma-ray production, the
processes behind particle acceleration to exceptionally high energies, the specific locations within
the jet where emissions originate, the correlations between different emissions, etc. In this work,
our study focuses on addressing some of these inquiries through a comprehensive analysis of the
temporal and spectral characteristics of the blazar PKS 0402-362 (4FGL J0403.9-3605). This
source is an FSRQ type source located at redshift, 𝑧 = 1.4228 [4] with RA = 60.975, Dec = -36.087
and it has been continuously monitored by Fermi-LAT since the beginning of the operation.

2. DATA ANALYSIS

2.1 Gamma-ray

We analyzed the Fermi-LAT1 data for the gamma-ray observation. We downloaded the Pass8R2
data from August 2008 to January 2021 (approximately 12.5 years) from the blazar, PKS 0402-362.
This data was analyzed using the Fermi science tool (version 1.0.10). We used ‘evclass=128’
and ‘evtype=3’ with energies ranging from 100 MeV to 300 GeV. To avoid gamma-ray contam-
ination from the Earth’s limb, we applied a maximum zenith angle cut of 90 degrees. We used
the galactic diffuse emission model (gll_iem_v07.fits) and isotropic diffuse emission model
(iso_P8R3_SOURCE_V3_v1.tx) as background models, along with other point sources. We em-
ployed the preferred method, "Unbinned likelihood analysis", and kept all the source parameters
fixed that were away from the Region of Interest (ROI) of 10 degrees to extract the light curve and
SED.

1https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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2.2 X-ray and optical

We analyzed the X-ray and ultraviolet-optical data from the Neil Gehrels Swift Observatory
(Swift-XRT/UVOT), which were taken during the same period as the gamma-ray observations from
the HEASARC webpage2. We chose a circular radius of 25 arc seconds for the source region and
an annular ring around the source as the background region. The grouped spectra were fitted in
XSPEC (version 12.11.0) using two models: 𝑝𝑜𝑤𝑒𝑟𝑙𝑎𝑤’ and 𝑙𝑜𝑔𝑝𝑎𝑟𝑎𝑏𝑜𝑙𝑎’. The log parabola
model was selected as the best-fitting model if the F-test probability was less than or equal to 0.05.
To account for galactic absorption, we used the ‘𝑡𝑏𝑎𝑏𝑠’ model with a neutral hydrogen column
density (𝑛𝐻) of 6.92 × 1019𝑐𝑚−2 as provided on the HEASARC webpage[6].

For the UV-optical observation, we analyzed the data from UVOT [7]. For each of the six
filters (V, B, U, W1, M2, and W2), a circular region with a radius of 5 arc seconds was chosen to
analyze the data, while an annular region surrounding the source was selected as the background
region. The task known as ’uvotsource’ was utilized to extract the magnitudes of the source. After
accounting for galactic reddening [8] and atmospheric extinction, the magnitudes were converted
into flux values using the appropriate zero points [9] and conversion factors [10].

We also utilized publicly available archival data from SMARTS and the Steward Optical
Observatory, both part of the Fermi Blazars monitoring program. SMARTS provide BVRJ pho-
tometric data[11], while Steward Observatory offered V and R band photometric data, along with
polarimetric data[12].

3. Gamma-ray Light curves

Based on the simultaneous observations from Swift-XRT/UVOT, we identified three prominent
Activity Epochs (AE) in the 𝛾-ray light curve: AE-1, AE-2, and AE-3. These epochs were analyzed
in one day binning for further study. We employed Bayesian Block (BB) [13] representation 3

in this finer binned (one-day or two-day) light curve to identify different sub-structures: AE-2A,
AE-2B, AE-3A, etc. Finally, these sub-structures were classified into different phases, such as Pre-
flare, flare, Post-flare, etc., based on the flux levels derived from the BB algorithm. To determine
the duration of the flare phase, we utilized Ivan Kramarenko’s algorithm [14], which employs an
iterative approach to segregate data points into two sets in order to calculate a threshold value. The
‘flare’ phase is considered when the flux level exceed the threshold value.

Each flare phase’s light curve consists of several peaks. We fitted these peaks with the sum
of exponential function to compute the rising (𝑇𝑟 ) and decay time (𝑇𝑑) of each peak: 𝐹 (𝑡) =

2
∑𝑛

𝑖 𝐹0,𝑖

[
exp

(
𝑡0,𝑖−𝑡
𝑇𝑟,𝑖

)
+ exp

(
𝑡−𝑡0,𝑖
𝑇𝑑,𝑖

)]−1
, Where, 𝑖 runs over the number of major peaks (n).𝐹0 is the

photon flux at time 𝑡0 for a particular peak. We used Bayesian Information Criteria or BIC value
to choose the reasonable number of exponential functions to fit the light curve. There are four
parameters per exponential function in our case. We chose one, two, or three exponential functions
together to fit the light curve of the flare phase for which the 𝐵𝐼𝐶 value is minimum. In this draft,
all the reported 𝛾-ray photon fluxes are in the unit of 10−6 ph cm2 s−1.

2https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl

3https://docs.astropy.org/en/stable/api/astropy.stats.bayesian_blocks.html
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4. Study of 𝛾-ray SEDs

We analyzed the gamma-ray spectral energy distributions (SEDs) for different phases (such
as Pre-flare, flare, Post-flare, etc). Two different models: the power-law and log-parabola models,
were used to fit these SEDs. In order to compare these two models, we have computed the
log-likelihood values for different phases. Based on the differences in log-likelihood (Δ𝑙𝑜𝑔L =

|𝑙𝑜𝑔L𝐿𝑃 | − |𝑙𝑜𝑔L𝑃𝐿 |), we found that in most cases, the gamma-ray SEDs were better described
by the log-parabola model over the power-law model. We also found that for most cases (16 out
of 22 cases), the gamma-ray SEDs exhibited a ‘spectral hardening’ behavior. This means that the
spectral index decreased (increased) when the source transitioned from a low to high (high to low)
flux state. We observed only one case where the source showed a significant ‘spectral softening’
behavior. In other five cases, the spectral index remained nearly constant within the uncertainties.

5. CORRELATION STUDY

A correlation study was conducted between 𝛾-ray and various optical bands (SMARTS- B, V,
R, and J bands) for AE-2 and AE-3, respectively. However, due to the limited data points in the
X-ray band, we can not examine the correlation between 𝛾-ray and X-ray data.

Unbinned Discrete Correlation Function (UDCF) is given by [16]𝑈𝐷𝐶𝐹𝑖 𝑗 =
(𝑎𝑖−<𝑎>) (𝑏 𝑗−<𝑏>)√︃
(𝜎2

𝑎−𝑒2
𝑎 ) (𝜎2

𝑏
−𝑒2

𝑏
)
.

where, 𝑎𝑖 , and 𝑏 𝑗 are the two discrete time series. 𝜎𝑎 and 𝜎𝑏 are the standard deviations of the two-
time series, respectively. Here, each value of𝑈𝐷𝐶𝐹𝑖 𝑗 is associated with the time delay,Δ𝑡𝑖 𝑗 = 𝑡 𝑗−𝑡𝑖 .
If we average this equation over M number of pairs for which 𝜏−Δ𝜏/2 ≤ Δ𝑡𝑖 𝑗 (= 𝑡 𝑗 − 𝑡𝑖) ≤ 𝜏+Δ𝜏/2,
we get, the discrete correlation function (𝐷𝐶𝐹 (𝜏)):

𝐷𝐶𝐹 (𝜏) = 1
𝑀

∑︁
𝑈𝐷𝐶𝐹𝑖 𝑗 ± 𝜎𝐷𝐶𝐹 (𝜏) (1)

𝜎𝐷𝐶𝐹 (𝜏) = 1
𝑀−1

√︃∑[𝑈𝐷𝐶𝐹𝑖 𝑗 − 𝐷𝐶𝐹 (𝜏)]2 is the associated error at the time lag 𝜏.
The correlation between 𝛾-ray and all the four optical bands (B, V, R, J) for AE-2 show minimal

negative time lag of -2.50, -4.00, -4.00 and -2.50 days with DCF values of 0.70±0.19, 0.71±0.23,
0.73±0.24, and 0.71±0.31 respectively. For epoch AE-3, the DCF plots between 𝛾-ray and optical
bands show very small positive time lag (1.50, 2.00, 2.50, and 2.00 days) with high DCF values
of 0.79±0.21, 0.73±0.16, 0.71±0.15, and 0.75±0.15, respectively. This suggests that light curves
of 𝛾-ray and optical bands are positively correlated. Here, Negative lag implies that the 𝛾-ray
light curve lags the optical emission. We also checked the correlation study results with ICCF
method4 and computed uncertainty on time lags by Monte Carlo (MC) analysis which involves Flux
Randomization (FR) and Random Subset Selection (RSS) techniques [17]. Time lags obtained by
ICCF are consistent with DCF results within the error bar.

6. MULTI-WAVELENGTH MODELLING

We utilized ‘GAMERA’, an open-source code, to model the multi-wavelength SEDs of the
blazar PKS 0402-362. This code is publicly available on GitHub5. This code solves the time-

4http://ascl.net/code/v/1868

5https://github.com/libgamera/GAMERA
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Figure 1: Simple one-zone model fits the multi-wavelength SEDs of two phases (flare-1A1 of AE-1A and
flare of AE-2A). Swift-UVOT and XRT data are shown in red and blue colors respectively. Magenta color
points represent the 𝛾-ray data.

dependent transport equation; it estimates the propagated particle spectrum N(E,t) for an input
injected particle spectrum. It further uses the propagated spectrum to calculate the Synchrotron
and Inverse-Compton (IC) emissions. GAMERA solves the following transport equation:

𝜕𝑁 (𝐸, 𝑡)
𝜕𝑡

= 𝑄(𝐸, 𝑡) − 𝜕

𝜕𝐸
(𝑏(𝐸, 𝑡)𝑁 (𝐸, 𝑡)) − 𝑁 (𝐸, 𝑡)

𝜏esc(𝐸, 𝑡)
(2)

where, Q(E,t) is the input particle spectrum and b(E,t) corresponds to the energy loss rate by
Synchrotron and IC and can be defined as

(
𝑑𝐸
𝑑𝑡

)
.

We used LP model as a particle distribution to model the multi-wavelength SEDs because the LP
model gives the best-fit parameters for 𝛾-ray spectrum in most of the phases. Following [18], an
LP photon spectrum can be produced by the radiative losses of an LP electron spectrum.

6.1 Physical Constraints

PKS 0402-362 is an FSRQ-type object. During the IC process, besides SSC (Synchrotron
self-Compton) we consider External Compton (EC) process in which the seed photons are coming
from Broad Line Region (BLR) and accretion disk. Here we have discussed the physical constraints
on the model parameters that we have used in our modeling:

1. To calculate the EC emission by the relativistic electrons, Broad Line Region (BLR) photons
are taken into account as target photons. The energy density of the BLR photons has been calculated
(in the co-moving frame) with the equation: 𝑈′

𝐵𝐿𝑅
=

Γ2𝜁𝐵𝐿𝑅𝐿𝐷𝑖𝑠𝑘

4𝜋𝑐𝑅2
𝐵𝐿𝑅

, where Γ is the bulk Lorentz
factor of the emitting blob whose value is assumed to be 16.24 [19]. The BLR photon energy
density is only a fraction of 10% (𝜁𝐵𝐿𝑅 ∼ 0.1) of the accretion disk photon energy density. The
assumed value of the disk luminosity 𝐿𝐷𝑖𝑠𝑘= 5×1046 erg/sec, which is a typical value of FSRQ-type
blazars. The radius of the BLR region is derived from the scaling relation, 𝑅𝐵𝐿𝑅 ∼ ( 𝐿𝐷𝑖𝑠𝑘

1045 ) 1
2 ×1017

cm [20].
2. We also include the effect of EC emission for accretion disk photons. We computed the

disk energy density in the co-moving jet frame by the equation [22]: 𝑈′
𝐷𝑖𝑠𝑘

=
0.207𝑅𝑔𝐿𝐷𝑖𝑠𝑘

𝜋𝑐𝑍3Γ2 . The
mass of the central engine or Black Hole (M𝐵𝐻) is 109M⊙. So, the gravitational radius R𝑔=3×1014

5
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Table 1: Results of multi-wavelength SED modeling (One-zone). Second to fifth columns represent the
value of various parameters used in modeling. Here, 𝑒𝑚𝑖𝑛, 𝑒𝑚𝑎𝑥 = Minimum and maximum energy of
injected electrons, R = Size of the emission region (≤ 𝑐𝑡𝑣𝑎𝑟 𝛿

1+𝑧 ), 𝑃𝑒 = Power in the injected electrons, 𝑃𝐵 =
Power in the magnetic field, 𝑃𝑡𝑜𝑡 = Total required jet power. Several parameters are kept fixed at a specific
value during modelling/fitting: 𝛼, 𝛽 = Spectral and Curvature index of injected electron spectrum = 2.00,
0.09, 𝑇 ′

𝐵𝐿𝑅
= 2.0×104 K, 𝑇 ′

𝐷𝑖𝑠𝑘
= 1.0×106 K, 𝑈′

𝐵𝐿𝑅
= 7.14 erg/𝑐𝑚3, 𝑈′

𝐷𝑖𝑠𝑘
= 2.08×10−7 erg/𝑐𝑚3, 𝛿 = 17.0,

Γ = 16.24.

Activity 𝑒𝑚𝑖𝑛 𝑒𝑚𝑎𝑥 B R 𝑃𝑒 𝑃𝐵 𝑃𝑡𝑜𝑡

(MeV) (MeV) (G) (cm.) (erg/sec) (erg/sec) (erg/sec)
AE-1A 24.53 5110.00 2.6 4.0×1016 2.37×1046 1.07×1046 4.35×1046

(flare-1A1)
AE-1A 24.53 6132.00 2.4 4.0×1016 2.45×1046 9.11×1045 4.23×1046

(flare-1A2)
AE-2A 132.86 4854.50 1.1 5.0×1016 4.34×1046 2.99×1046 5.09×1046

(flare)
AE-3A 76.65 4854.00 2.8 6.5×1016 1.36×1046 3.28×1045 4.84×1046

(flare)
AE-3D 48.54 3832.00 2.8 4.0×1016 2.18×1046 1.24×1046 3.93×1046

(Post-flare)

cm (gravitational radius of sun= 3×105 cm.). The distance of the emission region from the black
hole is given by Z≤ 2Γ2𝑐𝑡𝑣𝑎𝑟

1+𝑧 . Where, the variability time (𝑡𝑣𝑎𝑟 ) is estimated as ∼ 1.18 days by the
procedure described in [21].

3. The Optical-UV part of the broadband SED is explained by the multi-temperature accretion

disk model with the temperature profile given as: 𝑇 (𝑅) =
[

3𝑅𝑠𝐿𝐷𝑖𝑠𝑘

16𝜋𝜂𝜎𝑅3

(
1 −

√︃
3𝑅𝑠

𝑅

)] 1
4 . Here, 𝑅𝑠 (=

2𝐺𝑀

𝑐2 ) is Schwarzchild radius. The maximum flux of the accretion disk spectrum occurs at ∼ 5𝑅𝑠

[23]. 𝜎 and 𝜂 are the Stefan-Boltzman constant and efficiency (𝐿𝐷𝑖𝑠𝑘 = 𝜂 ¤𝑀𝑐2) of the accretion
disk, respectively.
After constraining the above model parameters, we model the multi-wavelength SEDs (five activity
phases) of PKS 0402-362 by varying following free parameters: magnetic field (B), the radius of the
emission region (R), minimum and maximum electron energy (e𝑚𝑖𝑛 and e𝑚𝑎𝑥), spectral index (𝛼)
and curvature index (𝛽). We assumed a constant escape of leptons from the emission region with
an escape time of 𝜏𝑒𝑠𝑐 ∼ R/c, where c is the speed of light. All the values of the fitted parameters
for various phases are given in Table-1.

7. Discussion and Conclusions

Based on the ∼ 12.5 years of 𝛾-ray light curve the source has been observed three times in a
major activity phases identified as AE-1, AE-2, and AE-3. Among these epochs, AE-2 was the
brightest, with a flux exceeding 20 times the average gamma-ray flux. These epochs were further
divided into different sub-epochs, such as AE-1A, AE-2A, etc. Next, We used the Bayesian Block

6
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method to identify different activity phases from these sub-epochs: pre-flare, flare, post-flare. Flare
phases were found to be a combination of many peaks which were fitted with a standard sum of
exponential to estimate the rise and decay timescale (T𝑟 and T𝑑). To compare these two timescales,
we define a asymmetry parameter K = 𝑇𝑑−𝑇𝑟

𝑇𝑑+𝑇𝑟 . A peak is symmetric if the value of |𝐾 | ≤ 0.3. In
our study, most of the time we found asymmetric peaks either with fast rise slow decay or slow rise
fast decay except three cases where it is more symmetric within the error bar. The variability in
the flare can be caused by the interaction of the blob (emission region) with a standing shock [25].
However, there could be other possibilities, such as magnetic reconnection [26]. The symmetric
peaks are expected to occur when the particles radiate all their energy within the light-crossing
time (∼ R/c), and observation of such peaks can be compatible with the scenario of a blob passing
through a standing shock. Considering the scenario where the blob interacts with shocks, once the
blob is moved out or the shock is moving we expect to see asymmetric peaks. This can also be seen
as a scenario where the radiative cooling time scale is longer than the particle injection time scale
and as a result, a long-decay flare is observed.
The optical-IR light curves were available only for the AE-2 and AE-3 phases. We found a nearly
zero time lag between the gamma-ray and optical-IR emissions, suggesting their co-spatial origin
and demanding a single emission zone in the broadband SED modeling. PKS 0402-362 is classified
as an FSRQ-type source, indicating that the disk emission is expected to be higher compared to BL
Lac type sources. We observed a dominant accretion disk for this source, which is well-fitted by a
combination of synchrotron and thermal disk emissions (see Figure-1). The presence of a strong
accretion disk makes this source a suitable candidate for exploring the disk-jet connection. Scaling
arguments [20] suggest that the emission region is located at the boundary of the broad-line region
(BLR), potentially providing seed photons for external Compton (EC) processes. Consequently,
we found that the high-energy peak of the SED is well described by EC emission from the BLR
photons. The broadband SED of two phases (i.e., flare-1A1 of AE-1A and the flare phase of
AE-2A) is shown in Figure-1, along with the archival data shown in grey color. The magnetic field
was found to be between 1.1 and 2.8 Gauss, which is within the expected range for blazar. The
size of the emission region determined from the fitting process closely agrees with the observation-
based estimate derived from the variability time. The calculated jet power in terms of electron and
magnetic field contributions (𝑃𝐵 and 𝑃𝑒) are comparable, but the electron power dominates. The
total required jet power is well within the Eddington luminosity of the source.
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