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Abstract: The blazar PKS 0208-512 was in the lowest y-ray brightness state during the initial 10 years
of observations with the Fermi Gamma-ray Space Telescope (Fermi), which was an order of magnitude
lower than its flux state during the EGRET era (1991-2000). The weekly averaged maximum 7y-ray
flux of this source during the first 10 years of Fermi observation is nearly a factor of 3 lower than the
highest flux observed by EGRET in a single epoch. During the period 2018-2020, the source showed
a large -ray flare, with the average brightness similar to the period 1991-2000. We observed the
source with AstroSat, during its low and high activity states, respectively. We carried out broad-band
spectral energy distribution (SED) modeling of the source using a one-zone leptonic emission model
during its various brightness states. From the SED modeling, we found that there was an inefficient
conversion from the bulk energy to the particle energy during the long-term low-activity states as
compared to the high flux state during the EGRET era and the later part of Fermi observation.

Keywords: active galactic nuclei; multi-wavelength emission; jets; accretion disk; gamma-rays

1. Introduction

Blazars are a class of active galaxies whose multi-band emission is dominated by the
non-thermal radiation originating from their relativistic jet pointing toward the Earth [1].
They emit radiation across the electromagnetic spectrum and are exceptionally bright in
the y-ray band. Since the line-of-sight angle to the relativistic jet is small, the observed
emission from them is highly Doppler boosted. The emission from blazars shows variations
of different time scales at different time intervals. The time scale of such variations ranges
from minutes to days to months to years [2-8]. From the observational perspective, blazars
are sub-classified as “Flat-spectrum radio quasars (FSRQs)” and “BL Lac objects (BL Lacs)”.
FSRQs have the emission line “equivalent line width (EW)” >5 A, whereas BL Lacs have
EW <5 A [9,10]. According to the classification proposed by Ghisellini et al. [11], which
is based on the broad-line region (BLR) luminosity, FSRQs have greater BLR luminosity
(LBL.R/Lggqq > 5 x 10~*) than BL Lacs.

The broad-band spectral energy distribution (SED) of blazars shows a double hump
structure. Near the optical/UV band, the peak of the first hump falls, originating from
synchrotron emission from the relativistic jet. The second hump peaks at the hard X-ray /-
ray band, and is because of the inverse Compton (IC) emission process produced due to
the up-scattering of low-energy photons by the energetic jet electrons. If the low-energy
photons are produced by the synchrotron emission from the jet electrons, the process is
called synchrotron self-Compton (SSC; Marscher and Gear [12]). The seed photons for
IC processes can also come from outside the jet [13]. 7-ray emissions from FSRQs are
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dominated by up scattering of low-energy photons from the accretion disk [14], BLR [15], a
dusty torus [16], etc. Such a process is called the external Compton (EC) process [17,18].

Blazar variability in y-rays occurs as flares of different time scales ranging from
minutes to days or months, e.g., [7,8,19-21]. A variability with the time scale ranging from
minutes to hours to days to weeks is termed short-term variability. However, a variability
with a much longer time scale (months to years) is defined as long-term variability. In the
v-ray band, flares with extreme short-time variability with a time scale of ~few minutes
have been observed [20-25]. Furthermore, earlier studies reported flaring and quiescent
activities with a time scale of years to a decade [26-28]. Besides the flaring activity, the
baseline flux above which the flares occur may also exhibit variations. Bhattacharya
et al. [29] carried out a study on the FSRQs detected by “Energetic Gamma-Ray Experiment
Telescope” (EGRET; [30]) on-board “Compton Gamma Ray Observatory” (CGRO) [31].
They used five years of observations (1991-1995) with EGRET and the first two years of
observations with the “Large Area Telescope” (LAT) on-board “Fermi 7y-ray space telescope”
(hereafter Fermi; [32]) and noticed more than a factor of ten decrease in the average y-ray
flux of few blazars from EGRET to the Fermi era. Furthermore, Bhattacharya et al. [33]
noticed “despite the enhanced sensitivity and wider and more frequent sky coverage of
” Fermi-LAT, some of the EGRET-detected blazars were still not detected by Fermi-LAT
even after its first seven years of observations. In addition to this, using the long-term
Fermi-LAT observations, there are reports on the change in the y-ray baseline flux in blazars
1ES 1215+303 and 3C 66A, and a misaligned active galaxy NGC 1275 [34-36].

The observed variability in blazars could arise from different emission scenarios
(e.g., Bottcher [8], and the references therein). Stochastic variations due to sudden injection
of particles, perhaps due to internal shock formation or due to magnetic reconnection
triggered by the turbulence developed in the jet could be the cause for flares. The site of
v-ray emission from the blazars is believed to be nearer to the jet’s base, though the origin
and the exact location of the y-ray emission are not well understood [8,37,38]. Many blazar
studies aim at understanding the short-term behavior of blazars, because investigation of
possible physical scenario during long-term low <-ray activity state is limited. Hence, the
characterization of such long-term low-activity behavior is essential. One of the blazars,
PKS 0208-512, exhibits decade long low <-ray activity state during the Fermi era. In this
work, we examine the long-term behavior of the blazar PKS 0208-512 through broad-band
SED modeling.

PKS 0208-512 is an FSRQ [39] at a redshift of z = 1.003 [40]. It was first discovered
during the Parkes Survey of Radio Sources [41]. Bertsch et al. [42] reported the first y-ray
emission from the source 3EG J0210-5055/PKS 0208-512 above 30 MeV, which was detected
with the EGRET detector [31]. EGRET has observed the source during its different pointed
observations. Before the launch of Fermi, several studies were carried out to understand
the y-ray, X-ray, and UV /optical emission and spectral nature of PKS 0208-512 using the
EGRET and other broad-band observations [43-55]. Using the EGRET and initial two years
of Fermi-LAT observations, Bhattacharya et al. [29] reported that PKS 0208-512 showed
more than a factor of ten decrease in the average y-ray flux from EGRET to Fermi era. Using
the initial few years of Fermi-LAT observations and other multi-band data, some studies
were reported with the aim of understanding the cause for short-term and long-term (of
~ few months) variations in this source [29,39,56-59]. The work by Khatoon et al. [60],
reported the temporal and spectral nature of PKS 0208-512 during its enhanced vy-ray
emission from November 2019 to March 2020. However, no broad-band spectral study
to understand the long-term behavior (more than a year time scale) of PKS 0208-512 has
been reported. In this work, we carried out a systematic study of the long-term behavior of
PKS 0208-512 using ~12 years of Fermi-LAT observations along with ~9 years of EGRET
observations. We also observed the source using India’s multi-wavelength observatory
AstroSat during the long-term low 7y-ray activity state and very high flux state. The analysis
of multi-band data used in this work are provided in Section 2. In Section 3, we discuss our
results, followed by the conclusion in Section 4.
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2. Observations and Data Analysis

In this work, our aim is to characterize the broad-band SED properties of PKS 0208-512
during the Fermi and EGRET periods. We used the archival multi-band data that covers
7-rays to infrared bands. We also observed PKS 0208-512 with AstroSat on 29-30 October
2016 (AS1 epoch) and 24-25 December 2019 (AS2 epoch). AstroSat is India’s first multi-
wavelength astronomical observatory [61-63]. The instrument-specific data analysis from
the different observatories is discussed in the following sections.

2.1. GeV Data

We used the data from Fermi-LAT [64] covering the period from 4 August 2008 to
30 September 2020 (~12 years) in the energy range of 100 MeV to 100 GeV. We analyzed
a 15° x 15° region of interest (ROI) centerd on the source position, and 20° source ra-
dius was used. The Fermitools version 1.2.23 software was used to carry out analysis
of ‘pass 8 P8R3’ data' (‘diffuse class events; evclass = 128, evtype = 3’). The analysis
was carried out using the Fermipy version 0.19 software” [65] with instrument response
function (IRF) ‘PSR3_SOURCE_V2'. Good time intervals were obtained with the filter
expression ‘DATA_QUAL > 0 && LAT_CONFIG = 1'. To remove the contribution from
the earth limb, a 90° cut on the zenith angle was applied. Furthermore, a spatial binning
of 0.1° pixel ! and eight logarithmically spaced energy bins per decade were chosen. The
initial input model file was generated using ‘make4fglxml.py’®, including all 4FGL-DR2
catalog sources [66] within 20° of the ROI center. Following the standard methodology,
the “Galactic diffuse emission model (gll_iem_v07 fits) and extra-galactic isotropic diffuse
emission (iso_P8R3_SOURCE_V2_vl.txt) were included in the model file”.

The steps followed to calculate the ~12 years average y-ray flux of the source are
discussed below. All sources’ normalizations and spectral parameters within 8°, and only
normalizations of sources up to 10° away from the ROI center were left to vary after the
initial optimization using the ‘optimize’ method of Fermipy. Furthermore, the Galactic
and isotropic diffuse backgrounds’ normalizations and the spectral index of the Galactic
diffuse background were left free. Furthermore, we froze all spectral parameters, including
normalization for sources with TS < 1 and N4 value less than 103 counts. We generated
a TS map and found additional sources in the ROI using the task find_sources. Three
new sources (PS J0136.3-4707 (RA: 24.082 deg, Dec: —47.130 deg), PS J0158.6-5007 (RA:
29.652 deg, Dec: —50.131 deg) and PS ]J0230.2-5234 (RA: 37.552 deg, Dec: —52.574 deg))
with VTS > 5 were detected within the ROI and were added to the model. The target
source was modeled using simple power law (PL: Equation (1)) and log-parabola (LP:
Equation (2)) models:

dF E\ %
dE = N<E) M
E
dF E —a—pBlog (E)
i) b @

2

dr . . . . . .
Here, — is the differential flux in photon cm™ s~ 1 MeV~!, N is normalization factor

dE
in photon cm~2 s~! MeV~!, E is the energy, Eq and Ej, are the scale and break value,

respectively, in the unit of MeV, « and f are the spectral parameters. Similar to the 10 years
averaged 7y-ray spectrum [66], a significant curvature was noticed in the ~12 years averaged
-ray spectrum with the two times the difference in log-likelihood value, for log-parabola
and power law (TS¢yrve) greater than 9.

The weekly averaged y-ray lightcurve was created in 100 MeV to 100 GeV, with the
best fit model obtained for the ~12 years data set considering a power law spectrum for
PKS 0208-512. We used the publicly available code ‘like_lc.pl” script for the lightcurve
creation. In each lightcurve bin, the spectral parameters and normalization of PKS 0208-512,



Universe 2022, 8, 534

40f16

the normalization of all sources within 10° of the ROI center, and Galactic and isotropic
emission’s normalization were left to vary. The target source is considered to be detected
if the TS > 9 (detection significance of ~3¢). The average y-ray source flux for different
activity states were derived following the similar methodology used for the entire data
set’s spectral analysis. The spectral parameters and normalizations of the sources within
5°, the normalizations of all sources within 10° of the ROI center, and the normalizations of
Galactic and isotropic emission models were left to vary. Furthermore, the Galactic diffuse
background template’s spectral index was kept frozen to the ~12 years averaged value.
For different activity states, the y-ray SEDs in 100 MeV-100 GeV were constructed in seven
energy bands using the sed tool of Fermipy.

2.2. X-ray Data

We used data from the “Swift X-ray Telescope” (Swift-XRT; Burrows et al. [67]), which
covers the energy range of 0.3-10 keV. The data from two payloads on AstroSat, namely,
the “Soft X-ray Telescope” (SXT; [68]) and the “Large Area X-ray Proportional Counter”
(LAXPC; [69,70]) were also used in this work. AstroSat SXT and LAXPC cover the energy
range from 0.3 to 8 keV and 3-80 keV, respectively.

2.2.1. Swift-XRT

The online ‘Swift-XRT data products generator” was used to create the lightcurve with
one bin per observation [71] and spectral data products [72] for different activity states in
the energy range of 0.3-10 keV. This facility downloads data and chooses a suitable source
and background regions depending upon the source count. To identify intervals affected
by pile up, the tool first search for times where the count rate within a 30 pixel radius
circular region centerd on the source is above 0.6 counts s~! in photon counting (PC) mode
or 150 counts s~! in window timing (WT) mode. After that, it accordingly chooses the
source and background region of the annular shape in PC mode or a box annulus for WT
mode [72]. In our study, we used photon counting (PC) mode data. The source had only
two WT mode observations. Furthermore, we used spectral data products, and the source
spectra were binned to have 20 counts per bin using grppha. A simple power law model
with photoelectric absorption (phabs) was used to fit the extracted spectrum using XSpec
version: 12.10.1 [73]. The photoelectric absorption cross-sections and abundance were set
using ‘xsect bemc’ and ‘abund wilm’ command, respectively. For the fitting, a Galactic
absorption value of Ny = 1.61 x 1020 cm~2 [74] was used. We used the “cflux’ routine of
XSpec to estimate the 0.3-10 keV source flux and photon index.

2.2.2. AstroSat SXT and LAXPC

The source was observed by SXT for 27.56 ksec and by LAXPC for 33.90 ksec on 29-30
October 2016. Furthermore, observations were carried out by SXT for 19.53 ksec and by
LAXPC for 33.70 ksec on 24-25 December 2019. Similar to Bhattacharya et al. [28] the “Level
1 SXT data were analysed using sxtpipeline, which is a part of the latest SXT software
aslsxtlevel2-1.4b. The clean events were merged using the sxtpyjuliamerger_v01. A
circular region of 14 arcmin radius was used as a source region, and for the background,
the user-provided SkyBkg_comb_EL3p5_CI_Rd16p0_v01.pha file was used. The ancillary
response file was created by using sxteefmodule_v02.” Spectrum for the source was
created in the energy range of 0.6-7.0 and 0.4-7.0 keV during AS1 and AS2, respectively.
The source spectrum was binned to have 35 counts per bin using grppha. A power law with
photoelectric absorption was used to model the source spectra. An instrument systematic
value of 0.03 was considered during modeling.

LAXPC data were analysed using the analysis software laxpc_soft (Format A) pack-
age (release version: 4 August 2020, available at the AstroSat Science Support Cell (ASSC)°).
Standard procedures were used to reduce the Level 1 data [70,75]. The source was found to
be faint, and hence we followed the faint source analysis procedure as recommended by
the instrument team. For this, following the methodology as explained in the readme file
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(README_BACKLCF_L20) provided in the software package, the lightcurve and spectra
for the source and the background were created. We used the layer 1 data of PCU unit
20 with an energy grouping factor of 0.05. The source was modeled using a power law
with photoelectric absorption. An instrument systematic value of 0.03 was considered
during modeling. We also modeled the X-ray spectra of the source as log-parabola with
photoelectric absorption for the Swift-XRT, AstroSat-SXT and LAXPC data. However, the
power law with photoelectric absorption was found to better represent the source spectra
for all the activity states.

2.3. UV/Optical/IR Data

For data in the UV /optical bands, we used both Swift-UVOT [76] and the “Ultra-Violet
Imaging Telescope” (UVIT; [77,78]) on-board AstroSat. We carried out the Swift-UVOT data
analysis using the HEASoft package (v6.24), and 20201215 version of caldb. Following Bhat-
tacharya et al. [28], “uvotimsum task was used to merge the various observations during the
particular epoch. For photometry, a circular source region with 5 arcsec radius centerd at
the source position and a background annular region with inner and outer radii of 15 and 25
arcsec were used. uvotmaghist task was used to create the light curve, and the uvotsource
task was used to obtain the source magnitude.” The magnitudes were converted to AB
flux (erg cm~2 s~1) using the AB zero points taken from Breeveld et al. [79]. The Galactic
extinction was calculated using [80,81].

PKS 0208-512 was observed by AstroSat-UVIT during AS1 and AS2 epochs. During
AS1, we have observations in FUV filters CaF2-1 (F1; Ayeqn, = 1481 A) and Sapphire (F3;
Amean = 1608 A), and in NUV filters NUVN2 (F6; Ayean = 2792 A) and NUVB15 (F2;
Amean = 2196 A). However, during the second observing period, we have observations only
in FUV filters. Following Bhattacharya et al. [28], the “science ready level-2 (L2) images
provided to the user by the Indian Space Science Data Center (ISSDC) were used to carry
out standard photometry using IRAF®.” For photometry, a circular aperture of 3 arcsec
radius centerd at the source position was used, and the background was estimated from
the source-free region. We calculated the fluxes from the derived source counts using
the conversion factors provided in [78]. The estimated fluxes were corrected for Galactic
extinction and for the chosen aperture size using Table 11 of Tandon et al. [82]. During
AS2, the source was not detected in the UVIT observations. In this work, we also used data
(inV, B, R, ], K filters) from SMARTS [83], from the Catalina Real-Time Transient Survey
(CRTS; Drake et al. [84]; in the V-band) and from the Wide-field Infrared Survey Explorer
(WISE; [85]) in 3.4, 4.6, 12, and 22 microns, respectively.

2.4. Archival Data During EGRET Observing Period

In this work, we used the EGRET observations of PKS 0208-512 taken from Stacy et al. [50],
spanning the entire nine years of the CGRO mission (1991-2000). The average duration of
the pointed viewing period of CGRO was 2 to 3 weeks. There are 15 observations, with
13 detections and two upper limits. We derived an average -ray flux 7.93 4-1.68 x 10~/ ph
cm~2 57! from the detected flux values of the source. The average power law photon
index is 2.08 £ 0.01. Using this information, we created the butterfly diagram in the y-ray
band (100 MeV to 30 GeV), which is used for the broad-band spectral study. The quasi-
simultaneous X-ray data during EGRET time used in this work is presented in Table 1.
Furthermore, we used the UV observations from the International Ultraviolet Explorer
(IUE) included in Stacy et al. [45].
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Table 1. Quasi-simultaneous multi-band flux during EGRET time.

Satellite Energy Band Flux Reference ?
ROSAT b 0.1-2.0 keV 1.72 +0.36 x 1012 1
ROSAT P 0.05-2.5 keV 3.34+0.05 x 10712 2
ASCAP 2.0-10.0 keV 5.74 4+ 0.10 x 10712 3
ASCAP 0.7-2.0 keV 2.50 +0.04 x 10712 3
ASCAP 0.5-10.0 keV 9.49 x 10712 4

a References: 1: Brinkmann et al. [86] 2: White et al. [87] 3: Ueda et al. [88] 4: Reeves and Turner [89]. P Flux in unit

-2 -1

of ergem™* s

3. Results and Discussion

Using the Fermi-LAT data, we estimated the ~12 years average y-ray flux of the
source (Table 2) as described in Section 2.1. Considering this average y-ray flux, we noticed
an enhancement in the y-ray emission of the source after 2018 April 22 (MJD 58230) in the
weekly averaged y-ray lightcurve (Figure 1). After MJD 58230, the weekly averaged flux
was greater than the ~12 years average flux value, only at a very few occasions equal to
~12 years average y-ray flux. During the period prior MJD 58230, the weekly averaged
v-ray flux was found to be most of the time equal/below the ~12 years average y-ray flux.
Furthermore, we carried out y-ray analysis and estimated the average y-ray flux (Table 2)
considering initial ~10 years of observations (MJD 54682-M]D 58230). During this period,
with more than a decade of observations by Fermi-LAT, it was found that PKS 0208-512
showed at least an order of magnitude lower 7-ray flux during the initial ~10 years of Fermi
operation (State 1 (S1: MJD 54682-MJD 58230)) compared to its average flux as observed
by its predecessor EGRET. The source was observed by AstroSat on 29-30 October 2016
(AS1), which falls under the S1 epoch. Furthermore, it was observed through AstroSat
after MJD 58230 during 24-25 December 2019 (AS2) during the high-activity phase of the
source. The average y-ray flux and corresponding spectra for the epochs AS1 and AS2
were also estimated (Table 2). The EGRET time epoch was chosen by considering the total
time period of observation (1991-2000) of PKS 0208-512 by EGRET detector. The spectral
parameters (« and ), detection significance (T'S) and spectral curvature (TScy;4) for all
activity states are given in Table 2. It is to be noted that the study carried out by Khatoon
et al. [60] using only Fermi-LAT observations, qualitatively reports that the source exhibits
a low <-ray flux state for a decade during Fermi era.

Table 2. Fermi-LAT analysis for different activity states.

Activity State

Observation Period (MJD) F2 « B TS TScurve

12 years average
S1
AS1
AS2

4 August 2008 (54682)-30 September 2020 (59122) 17.69 £0.20 2.19+0.01 0.094 +0.006 53,350.41 246.03
4 August 2008 (54682)—22 April 2018 (58230) 9.39+0.20 223+0.02 0.097+0.011 14,827.87 76.25
20 Ocotber 2016 (57681)-10 November 2016 (57702) 12.67 +0.34 2.25+0.18 - 72.48 0.35
24 December 2019 (58841)-25 December (58842)  64.02 +6.48 2.13 +£0.08 - 488.61 <0

20.1-100 GeV 7-ray flux in 10~8 ph ecm=2s~1.

The minimum and the maximum <y-ray flux of the source during EGRET era were
15.94+8.7 x 1078 ph em 2 sec ™! and 139.0 & 12.3 x 1078 ph cm~2 sec ™!, respectively. The
two upper limits during the EGRET observation period were during the narrow field
of view of the detector [50]. The maximum flux of the source during Fermi S1 state is
5.03 +0.57 x 10~ ph cm~2 sec~!. The minimum flux of the source during Fermi S1 state
is 2.69 +£1.23 x 107% ph cm 2 sec 1.
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Figure 1. Multi-band lightcurve of PKS 0208-512. The y-ray data before the broken axis is from Stacy
et al. [50]. The references of the X-ray data during the EGRET time are given in Table 1. The UV data
during the EGRET time is taken from Stacy et al. [45]. The other multi-band data descriptions are as
follows: variation of 0.1-100 GeV y-ray flux from Fermi-LAT in weekly bins, X-ray flux: Swift-XRT
data products generator, UV /optical data: Swift-UVOT, SMARTS and CRTS. The dotted blue and
solid black horizontal lines represents the EGRET and Fermi-LAT average 7y-ray flux, respectively.
The black dashed vertical lines separate the activity states of the source in -ray band.

We noticed that even though there are short-term variations during the initial ~10 years
of Fermi-LAT observation, the baseline activity of the source in the y-ray band has signifi-
cantly decreased from EGRET time, which indicates the presence of long-term variability
in this source (Figure 1). Furthermore, an enhancement in the y-ray emission was noticed
after April 2018, wherein the source was in a high-activity state from around October 2019
to September 2020. During this period, the weekly average y-ray flux of the source crossed
the EGRET average flux. After this high flaring activity, the source flux decreased and
reached the ~12 years averaged y-ray flux. Using the ~12 years of Fermi-LAT observations,
we created <y-ray spectra of the source for the three different activity states during Fermi
era (51, AS1 and AS2) following the procedures as described in Section 2.1. The source
spectra were found to be significantly curved for 12 years average state and S1 (Table 2). It
is to be noted that the source was not detected (upper limit = 2.80 x 10~ phcm 2 s~ 1) in
the y-ray band during the two days of the first AstroSat observation period. Hence, the
7-ray analysis during the first AstroSat observation was carried for ~20 days to detect
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the source significantly. The X-ray observations with Swift-XRT during S1 were used to
create the 0.3-10.0 keV spectra of the source. The estimated unabsorbed flux was found to
be 2.651007 x 10712 erg cm~2s~! with photon index 1.58 & 0.01 and x?/dof = 269.72/249.
The results of the multi-band analysis of the source carried out during various epochs are
given in Tables 2, 3, 4 and 5, respectively.

Table 3. AstroSat-SXT and LAXPC analysis results.

Activity Energy

a b 2
State Instrument Range (keV) F r x*/dof
AS1 SXT 0.6-7 3327028 1.42+0.11 59.30/67
LAXPC 4-20 2.86 (UL) - -
AS2 SXT 0.4-7 8.607032 1.50 +£0.06 96.75/80
LAXPC 4-20 743758 227 +0.25 7.60/17

a Unabsorbed flux in units of 1012 erg cm 271 P Spectral index of power law model. UL indicates upper limit.

Table 4. Swift-UVOT results for different activity states.

Activity

va B? ua UVW12 UuvMm2 2 Uvw22
State
S1 279+0.06 249+£005 2934+0.08 299+0.11 3.114+0.07 2.38+0.07
AS1* — 840+037 7594035 7.2340.39 — 5.23 +0.28
AS2* — — — — - 8.15+0.27

2 Swift-UVOT average flux in 10712 erg cm~2s~1. * Swift-UVOT observed the source on 30 October 2016 and 24
December 2019 during AS1 and AS2, respectively.

Table 5. AstroSat-UVIT analysis results.

Activity State Filter Amean (A) Flux 2
AS1 CaF2 (F1) 1481 4.03 £1.09
Sapphire (F3) 1608 3.64£1.26
NUVN?2 (F6) 2792 577+ 1.73
NUVB15 (F2) 2196 6.86 +2.23

2 Flux (corrected for Galactic extinction) in 10712 erg cm 2571

3.1. Broad-Band SED Modeling

The study carried out by Stacy et al. [50] showed a clear indication of spectral harden-
ing of the source with an increase in the intensity. The y-ray emission from PKS 0208-512 as
observed by EGRET was well-explained by the inverse Compton scattering of the external
soft photons by the relativistic jet electrons [47,48]. However, we could not find from the
literature any earlier study on the broad-band SED of the source during the EGRET time.
Though there were efforts to study the broad-band SED during the Fermi era, most of the
studies were focused on the flaring properties of the source (e.g., [56-58,90]). The other
studies were limited to the initial ~1 year of Fermi-LAT observations [39,91,92]. The study
carried out by Khatoon et al. [60] used Fermi-LAT data from 4 September 2017 to 20 July
2020; however, they aimed to study the temporal and spectral behavior of the source during
the 2019-2020 flaring states. The broad-band SED modeling of PKS 0208-512 carried out
by Khatoon et al. [60] suggests that the -ray emission during quiescent state (~2 weeks)
is well represented by EC scattering of IR photons from the dusty torus. Whereas for the
two flaring periods (~1 and ~1.5 month), the y-ray emission demands additional target
photons from BLR in addition to the IR. Their study finds that the emission region is nearer
to the edge of BLR during flares, and for the quiescent state, it is away from the BLR. Their
study states that this observed inference strongly depends on a few assumptions (e.g.,
equipartition) employed in their SED model. It should be noted that the broad-band SED
modeling on the long-term low <y-ray activity states during the Fermi era was not carried
out in earlier studies.
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In this work, we constructed quasi-simultaneous broad-band SEDs during the EGRET
time, 51, AS1, and AS2 epochs. It should be noted that the available IR observations of PKS
0208-512 from WISE from 20 June 2010 to 19 December 2010 were used. This IR observation
period falls under the S1 state. There was no IR observation (WISE data) present during
EGRET time, AS1 and AS2. However, we used this observation during the other epochs
with the underlying assumptions that the IR emission primarily originated in the torus
of this source and the torus emission did not change appreciably during the EGRET to
Fermi observing period. The radio data used are archival non-simultaneous observations
taken from ASDC SED Builder [93]. It is to be noted that the non-simultaneous radio data
were not used during SED modeling. The radio data were overplotted with the model SED
curves in Figures 2 and 3. Apart from IR and radio, observations at other energy bands
used for SED modeling during various states are near-simultaneous. The SED modeling
was performed using the one-zone leptonic model described in Bhattacharya et al. [28]. We
considered a broken power law energy distribution of jet electrons given by

P
N(y) = No(%) foryy <y <

= No(%)_pz fory, <v<m

where, 71, 72, and 7, are the minimum, maximum, and break Lorentz factors, respectively.
p1 and p, represent the particle spectral indices before and after the break Lorentz factor.
While modeling the SEDs, the emission region was considered to be outside the BLR
region for all the epochs following earlier findings (e.g., [37,56,57]). The torus temperature
was held fixed at 1000 K. This torus temperature was consistent with the position of the
IR-optical bump in the observed SED. The jet viewing angle adopted in this study is in
accordant with earlier studies [56,91,92]. Figure 2 represents the broad-band SEDs of
the source during EGRET time and State 1. The broad-band SEDs during two AstroSat
observations are given in Figure 3. The values of all SED parameters for different epochs
are provided in Table 6.

Table 6. Model parameters for the SED.

Parameter Symbol EGRET Time S1 AS1 AS2
Blob size (1017 cm) R 1.32 2.41 2.09 1.29
Variability time scale (10° sec) toar 4.60 8.40 7.30 4.50
Location of emission region r 5.00 x 10* 1.78 x 10° 2.00 x 10° 7.0 x 10*
(in units of Ry (1.48 x 10 cm))
Minimum electron Lorentz factor Y1 170 80 100 100
Maximum electron Lorentz factor Y2 3.0 x 10* 2.0 x 10* 2.0 x 10* 1.0 x 10*
Break Lorentz factor T 1.00 x 103 1.00 x 103 9.00 x 102 6.00 x 102
Spectral index (before break) p1 2.30 2.10 2.10 1.90
Spectral index (after break) P2 3.10 3.50 3.30 3.10
Normalization of particle spectrum No 3.14 x 10% 3.49 x 10% 4.98 x 10% 1.26 x 10
Equipartition € 15.0 3.0 4.8 18.0

Notes: The following parameters were kept fixed for all the epochs. Viewing angle (deg): ® = 2.0, Bulk Lorentz
factor: I' = 11.0, Doppler beaming factor: ¢ = 19.15, magnetic field (G): B = 0.12, Ddisk isc accretion efficiency:
1 = 0.1, Fraction of Eddigton luminosity = 0.1, Fraction of disk luminosity reprocessed by dusty torus: {jr = 0.02,
Temperature of dusty torus (K) = 1000. A redshift of 1.003 [40] and black hole mass of 1 x 10° M, [92] was used.
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Figure 2. Broad-band SED of PKS 0208-512 during EGRET time and State 1. In the first figure, the
filled butterfly diagram: EGRET time, filled circle: X-ray data during EGRET time (see Table 1 for
references) and open square: IUE data. For the rest of figures, the data descriptions are as follows:
Open circle: Fermi-LAT, filled butterfly diagram: Swift-XRT, open square: Swift-UVOT, filled circle:
AstroSat UVIT, unfilled upper-triangle: SMARTS, open diamond: WISE, filled square: archival radio
data taken from ASDC SED Builder [93] and downward triangle: upper limit value. The different
lines represent the contribution of individual emission component. The solid line represents the total
(Sync+SSC+accretion disk + BLR and dusty torus) SED model contribution.

From SED modeling, we noticed that the X-ray emission is well-explained by the
SSC emission, while the y-ray emission is well-explained by the inverse comptonization
of the photons from the dusty torus by the relativistic jet electrons. In consistent with
earlier studies [39,56,57,60], we also found the presence of accretion disk component to be
necessary to explain the observed emission during different epochs.
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Figure 3. Broad-band SED of PKS 0208 — 512 during AS1 and AS2. Open circle: Fermi-LAT, unfilled
butterfly: AstroSat SXT and LAXPC, open square: Swift-UVOT, unfilled upper-triangle: SMARTS,
open diamond: WISE, filled square: archival radio data taken from ASDC SED Builder [93] and
downward triangle: upper limit value. The different lines represent the contribution of individual
emission component. The solid line represents the total (Sync+SSC+accretion disk + BLR and dusty
torus) SED model contribution.

Derived SED Parameters during Various Epochs

The SED modeling during four epochs suggests that the location of the emitting blob
in the jet was nearer to the black hole during high activity states (EGRET and AS2) than
in the low-activity states (S1 and AS1) of the source. In all four epochs, the jet particle
spectrum is well-explained by a broken power law. The particle spectrum before break
energy is found to be softer during EGRET time than in other epochs, while during AS2,
the spectrum is much flatter than in other epochs (Table 6). The particle spectrum after
break energy is found to be flatter during high activity states (EGRET and AS2) than the
low-activity states (S1 and AS1). The minimum and maximum jet electron Lorentz factors
are found to be higher during EGRET time than in other epochs (Table 6). A significantly
higher (~ factor of five) equi-partition parameter (particle energy/magnetic energy) value
is observed during high activity states (EGRET and AS2) than in the low activity states (51
and AS1) (Table 6). This result indicates more energy content to the jet particles than the
magnetic field during high activity states.
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4. Conclusions

Using the archival data of the blazar PKS 0208-512 from EGRET and Fermi-LAT we
established that the source was in relatively higher flux states during the EGRET time as
compared to the Fermi era. The source was also observed with the AstroSat and Swift in
X-rays and in the UV /optical bands. To understand the possible origin of the different flux
states of the source we constructed the SEDs and modeled them using one-zone leptonic
blazar emission model. It was clearly found that the jet was particle dominated, i.e, the
energy content of particles was more than the energy content of the magnetic field. During
the EGRET time and the AS2 state, the energy content in the particle was much higher than
that in the magnetic field as compared to the S1 and AS1 flux states. Thus, over the long
term we noticed that the jet of PKS 0208-512 passes through different evolutionary phases
where the transfer of energy to the particles from the bulk energy of the jet vary from high
(EGRET) to low (S1 and AS1) and high (AS2) again. This could be due to the passing of
shock through the jet giving more energetic particles through shock acceleration process.
However, as the shock is generally a transient phenomenon, it is difficult to explain the
prolonged high flux state for ~ 10 years during EGRET time. The AS2 state where a flare
in y-ray is clearly seen could be due to the passing of shock. However, a high activity
state over around a year was observed during the later phase of Fermi-LAT observation.
Therefore, the long-term behavior of the source needs further investigation with better
coverage in multi-band, which will be useful to better understand the dynamics of the
relativistic jet over the longer time scale.
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