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Abstract: Blazars are known to emit exceptionally variable non-thermal emission over the wide range
(from radio to y-rays) of electromagnetic spectrum. We present here the results of our y-ray flux
and spectral variability study of the blazar Ton 599, which has been recently observed in the y-ray
flaring state. Using 0.1-300 GeV -ray data from the Fermi Gamma-ray Space Telescope (hereinafter
Fermi), we generated one-day binned light curve of Ton 599 for a period of about one-year from
MJD 59,093 to MJD 59,457. During this one year period, the maximum 7-ray flux detected was
2.24 +0.25 x 107 phem ™2 s~ 1 at MJD 59,399.50. We identified three different flux states, namely,
epoch A (quiescent), epoch B (pre-flare) and epoch C (main-flare). For each epoch, we calculated
the y-ray flux variability amplitude (Fy4r) and found that the source showed largest flux variations
in epoch C with Fysr ~ 35%. We modelled the vy-ray spectra for each epoch and found that the
Log-parabola model adequately describes the «y-ray spectra for all the three epochs. We estimated the
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size of the y-ray emitting region as 1.03 x 10*°® cm and determined that the origin of y-ray radiation,

during the main-flare, could be outside of the broad line region.

Keywords: galaxies; active; galaxies—quasars; individual (Ton 599)

1. Introduction

Blazars are the jetted subclass of the Active Galactic Nuclei (AGNs) that are understood
as AGNs with very small viewing angles to the line of sight [1,2]. Blazars emit broadband
electromagnetic radiation that ranges from radio to extremely high y-ray energies. The jets
of blazars are highly Doppler boosted, resulting in flux variations over the entire accessible
electromagnetic wavebands. Flat spectrum radio quasars (FSRQs) and BL Lacertae (BL
Lacs) objects are the two subclass of blazars. The difference between these subclasses is
determined by the equivalent width (EW) of the emission lines in their optical spectra, with
FSRQs having EW > 5 A and BL Lacs having EW <5 A [3]. A more physical criterion for
distinguishing between FSRQs and BL Lacs was proposed by [4] which is based on the ratio
of broad line region (BLR) luminosity (Lpy r) to Eddington Luminosity (Lgz;). FSRQs have
the value Lgrr/Lpgq > 5 x 1074, whereas BL Lacs have the value Lg;gr/Lpsg <5 x 1074,

The broad-band spectral energy distributions (SEDs) of blazars comprise of two
humps; the low energy hump and the high energy hump. The low energy hump peaks at
optical/UV/X-ray region and the high energy hump peaks at MeV/GeV/TeV region [5-7].
The genesis of the low energy hump is well understood through synchrotron emission
mechanism of the relativistic electrons, while the high energy hump originates through
inverse Compton (IC) emission process [6]. Based on the position of the synchrotron
peak frequency (vsyn), blazars are further classified as low synchrotron peaked (LSP;
Vsyn < 10 Hz), intermediate synchrotron peaked (ISP; 104 Hz < Vsyn < 10 Hz) and
high synchrotron peaked (HSP; vs,, > 10'° Hz) blazars.

Due to the Doppler boosting in blazars’ jets, the observed emission S, relative to the
emission in the co-moving frame S;;; is defined as e.g., [8]

Sobs = Sint‘sq (1)
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where g = 3 + a for a moving compact source and g = 2 + « for a stationary jet [9]. a is
the spectral index which is defined as f, o< v™*. ¢ is the Doppler boosting factor which is
described as 6 = 1/T'(1 — Bcosh), where I is bulk Lorentz factor (I'=1/(1 — ﬁz)l/ 2), B is the
speed of jet in units of the speed of light and 6 is the viewing angle between observer’s
line of sight and jet’s axis. The observed time is also shortened by the effect of Doppler
boosting by a factor §~!. These two consequences of the Doppler boosting increase the
chances of observed variations in blazars over a wide range of wavelengths and make
them the brightest objects in the extragalactic sky.

The study of flux variability is a valuable tool for determining the size of the emission
zone in blazars. Blazars exhibit variability over a wide range of timescales, from few
minutes to several years, across the full wavelength range i.e., from radio to y-rays [10-14].
The variability in blazars can be explained by the shock-in-jet model [15]. In this scenario,
the inhomogeneities in the jet flow produce relativistic shocks. These shocks travel through
the jet plasma at relativistic speed and accelerate the particles. The other scenario is the
magnetic reconnection, which is responsible for the rapid variations in blazar jets and
has been investigated extensively in recent years [16—19]. Within the reconnection region,
magnetic reconnection possibly enables small-scale ultra-relativistic flow, also called jet-in-
jet scenario [16,19,20]. The ultra-relativistic motion of small plasmoids causes additional
Doppler boosting and results in very short and bright flares.

The launch of Fermi Telescope in 2008 gave us an unprecedented opportunity to
explore the y-ray regime in blazars. Using Fermi data at y-ray energies, flux doubling time
scales have been detected as short as few minutes in both FSRQs and BL Lacs [14,21-23].
Causality considerations in these circumstances point to highly compact y-ray emission
zones in blazars’ jets. The detection of y-ray photons with energy greater than 10 GeV in
FSRQs leads to the conclusion that the y-ray emission region should be located at outside
the cavity formed by the broad emission line (BLR) [24]. Otherwise, pair production on
UV photons emitted by (BLR) clouds should severely attenuate the y-ray photons. Despite
several studies, the physics of y-ray variability in blazars is still a captivating subject
of research.

Ton 599 (4FGL J1159.5 + 2914; [25]) is an FSRQ, located at redshift z = 0.725 [26]
with R.A. = 11"59"31.8° and Dec. = +29°14/43.8". Ton 599 is a strongly polarized and
a highly optically violent variable quasar [27]. It was first detected in high energy -
rays by the Energetic Gamma Ray Experiment Telescope (EGRET) in the second EGRET
catalogue [28] and later by the Fermi Large Area Telescope (Fermi-LAT) [29]. The correlation
study between radio and y-ray bands was carried out by [30] for this source to put the
constraints on 7y-ray emission region in parsec-scale jets. In 2017, for the first time, Ton 599
went through a protracted flaring condition spanning the full electromagnetic spectrum.
During this flare, the maximum <-ray flux observed was 1.26 x 107® ph cm—2 s~1 [31].
The detailed study of y-ray flux variability during this flare was carried out by [31,32]. A
multiwavelength study and the broad-band SED modelling of this flare was conducted
by [33] using a two-component leptonic emission model. An EC mechanism with a dusty
torus (DT) photon field producing seed photons was identified to be responsible for the
GeV emission in this study. Ton 599 recently displayed a bright flare from July to September
2021, allowing us to investigate its y-ray emission process and its consequences during
this source’s flaring condition.

In this paper, we describe the y-ray analysis performed on the source Ton 599 utilising
data collected over a one-year period from September 2020 to August 2021, with the goal of
constraining the y-ray emission region in blazars. The data used in this study is presented
in Section 2. Section 3 describes the y-ray light curve, followed by results in Section 4 and
discussion in Section 5. Section 6 presents a summary of the results.
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2. y-ray Observations and Data Reduction

In this work, we used the y-ray observations of Ton 599 taken by the Fermi-LAT for a
period of ~1 year, from 2020 September to 2021 August (MJD: 59,093-59,457). Fermi-LAT is
a pair-conversion y-ray telescope that can detect «y rays with energies ranging from 20 MeV
to more than 1 TeV. It has a large field of view of about 2.4 sr and scans the full sky in every
3 h, covering 20% of the sky at any time [34]. We used the package ScienceTools v1.2.23 with
the instrument response function PSR3_SOURCE_V3! for our analysis. We used the latest
LAT Pass 8 data in the energy range 100 MeV to 300 GeV, where the photon-like events are
classified as ‘evclass = 128, evtype = 3". The region of interest (ROI) is specified as a circle
with a radius of 10° and is centred on the y-ray position of the source. We used a maximum
zenith angle of 90° to remove y-ray contamination from the earth’s limb. The latest isotropic
model ‘iso_P8R3_SOURCE_V3_v1’ and the Galactic diffuse emission model ‘gll_iem_v07’
were used to analyze the data. The recommended condition ‘(DATA QUAL > 0)&&(LAT
CONFIG= = 1)’ was then used to construct the required good time intervals. Over the
time period of interest, an unbinned likelihood analysis is performed to generate the 1-day
binned vy-ray light curve of Ton 599. In the light curve, the source was considered to be
detected if the test statistics (TS) > 9, which corresponds to a 3¢ detection [35]. Our final
one-day binned vy-ray light curve contains 256 confirmed measurements of Ton 599.

3. y-ray Light Curve

The one-day binned vy-ray light curve of Ton 599 from 2020 September to 2021 August
(MJD: 59,093-59,457) is shown in Figure 1. For the entire period of the light curve, we
estimated the average y-ray flux which was found to be 0.43 & 0.36 x 107® phem~2s~1.
Based on the average y-ray flux, we visually identified three different flux states, namely;,
quiescent state, pre-flaring state, and the main flaring state, which were labelled as epoch
A, epoch B, and epoch C, respectively. The duration of these epochs are marked by vertical
lines in Figure 1 and the details of these epochs are given in Table 1. We classified epoch
A as a quiescent epoch since the flux was lower than the average flux for the whole time
span. During epochs B and C, the flux increased 2-3 times than the average flux, so we
classified these epochs as flaring epochs. Over the whole time span of the light curve, the
value of the flux was maximum during the flaring epoch C. The value of the maximum
flux was determined to be 2.24 4- 0.25 x 10~ ph cm~2 s~! at MJD 59,399.50.

Table 1. The epochs considered for the y-ray light curve study are listed in the table below. Here, N, X, and Fy;» denote the

total number of data points, the average y-ray flux, and the fractional variability amplitude, respectively, for the epoch. The

7-ray flux is in the units of 107® ph cm 2 s

-1

MJD Calendar Date (dd-mm-yyyy)
Epochs Peak Flux N X Fyur Remarks
Start End Start End
Epoch A 59,144 59,226 22-10-2020 12-01-2021 0.37 £ 0.16 42 0.15 4+ 0.01 0.36 2 0.12  Quiescent
Epoch B 59,315 59,360 11-04-2021 24-05-2021 1.16 = 0.18 44 0.71 + 0.02 0.22 + 0.04 Flaring
Epoch C 59,374 59,411 09-06-2021 16-07-2021 2.24 +£0.25 37 1.02 £ 0.03 0.35 +0.03 Flaring
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Figure 1. One-day binned <y-ray light curve of Ton 599 (upper panel) with the TS values corresponding to each flux value
(lower panel) . The vertical black lines refer to the quiescent epoch (Epoch A), whereas vertical blue lines refer to the
v-ray flaring epochs (Epoch B and Epoch C). In the upper panel the horizontal cyan line represents the average flux from
September 2020 to August 2021.

4. Results
4.1. y-ray Flux Variability
We used the fractional variability amplitude (Fy,,) to characterize the flux variability

properties of Ton 599. The F,,r is commonly used to quantify the intrinsic variations in
blazar light curves and is defined as, e.g., [12,36,37]

2 2
5% — Oerr
.72'2

@

Fvar =

In the above equation S? is the sample variance and 02, is mean square error. These
are defined as

2 1 ¥ N2
S :7N—1i;(xi_x) (©)
and
— 1
02, = — 202 , 4)
err Ni:l err,i

Here N is the total number of data points in the light curve and % is the arithmetic
mean of the light curve.
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The uncertainty in Fy,;, is given by the following equation

R 2 JR— 2
1 o2 [02.1
E _ err err -
81’1’( var) ( TN szwr ) + < 7N T > (5)

For each epoch, we calculated the value of F,,, separately by considering the average
flux (¥) and the data points (N) within the epoch only. The values of N, ¥, and F,, for each
epoch are listed in Table 1. The errors calculated using Equation (5) are given in Table 1.
For epoch A, the error in the value of Fy; is relatively large which also indicates that it is a
quiescent state. We considered the source to be variable in epochs if F,s > 3 X ert(Fygr).
According to our criteria for variations, the source was not variable in epoch A (quiescent
state), while significant y-ray flux variations were noticed during epochs B and C with F,,
values of 22% and 35%, respectively.

4.2. y-ray Spectral Fitting

We modeled the y-ray spectrum of Ton 599 for each epoch to investigate the inherent
distribution of electrons that causes the y-ray emission during the epoch. We used the
power-law (PL) and the log parabola (LP) models to fit the y-ray spectra of Ton 599 using
the maximum likelihood analysis. The PL model is defined as follows [38]:

dN(E) :NO(E)F ©)

dE E,

where N, is the prefactor (normalization of the energy spectrum), E; is the pivot energy
(~523.51 MeV) given in the 4FGL catalog, and I' is the photon index, while, the LP model
is given by

dN(E) _ (E —apin(£;)
i = (z)
In this equation N, is the normalization, E, is the pivot energy (same as in PL), « is photon
index at Ej, and f is the curvature index that defines the curvature of the spectrum around
the peak.

For each epoch, the model fitted y-ray spectra of Ton 599 is shown in Figure 2, and the
values of best fitted model parameters are given in Table 2. In Figure 2, the uncertainties
are large at higher energies because of relatively low photon counts at these energies.

@)

Table 2. Details of the PL and LP model fits for the three epochs. Here, y-ray flux is in the units of 107 ph cm 2 s~ 1.
Evoch PL LP TS
[o]¢
P r Flux —LogL « B Flux —LogL e
A —2.381 £ 0.004 0.135 £ 0.002 146,206.160 2.045£0.085 1.075+0.473 0.111 £ 0.012 146,191.326 29.67
B —2.142 £ 0.001 0.800 £ 0.002 92,649.820 2.051 £0.021 0973 £0.117  0.735 £ 0.020 92,634.266 31.108
C —2.044 £ 0.002 1.084 £ 0.005 84,267.700 1.923 £0.002 0.958 £0.011  0.980 £ 0.003 84,245.258 44.884

To determine whether the y-ray spectrum has a curvature or not, and which model
(LP or PL) best describes the y-ray spectrum of Ton 599, we calculated TSve (curvature
of the test statistics) [38], which is defined as:

TScurve = 2(logLLP - logLPL) (8)

In the above equation, L represents the likelihood function. The value of TS.;;ve for each
epoch is given in Table 2. We employed the TSy > 16 threshold (i.e., 40 level; [35]) to
determine the presence of statistically significant curvature in the y-ray spectrum. We
found that the LP model best describes the y-ray spectra of Ton 599 for all three epochs.
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Figure 2. y-ray spectrum for the epochs (A-C). The name of the epoch is mentioned in each plot.

4.3. Location of the -y-ray Emission Region

To determine the size of the y-ray emitting region, the flux doubling time scale is
usually estimated, e.g., [31,39]. We calculated the flux doubling time scale for the one-day
binned <y-ray light curve during the main-flaring epoch (epoch C) of Ton 599 as follows:

F(ty) = F(ty) x 28/ )

In the above expression, F(t) and F(t;) are the flux values at times t; and f, respectively,
At =ty — t; and 7, represents the flux doubling time.

We found a flux doubling timescale of ~13.2 h during the epoch C for the blazar Ton
599. Using the flux doubling time scale, we estimated the size of the y-ray emitting region
for Ton 599 using the following expression:

r<ct;6/(1+z) (10)

A gamma-ray Doppler factor of delta = 12.5 was calculated for Ton 599 by [40] using
the multiwavelength data and the known radio Doppler factors with the assumption that
the observed boosted emission is from the SSC model. This value is consistent with the
lower limits (10.75 and 13.45) of delta obtained for the two bright flares of Ton 599 by [32].
Using J = 12.5, the size of the y-ray emission region is estimated to be 1.03 x 10'® cm.

According to [41], the location of the y-ray emission region with respect to the central
super massive black hole (SMBH) can be approximated by using the relation R = /¢,
where r is the size of the y-ray emitting blob and ¢ is the jet opening angle.

An intrinsic opening angle of 0.58° (~0.01 radian) was determined for Ton 599 by [42].
They estimated the jet opening angles for Fermi detected AGNs using 15.4 GHz Very Long
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Baseline Array (VLBA) observations following two different methods: (a) by analyzing
transverse jet profiles in the image plane and (b) by model fitting the data in the (u, v)
plane. Using these values of r and ¢, the location of the y-ray emitting region for Ton 599
was found to be at 1.03 x 10'® cm from the SMBH.

5. Discussion

In this section we give our interpretation of the findings of above-mentioned analyses,
as well as a discussion of them.

5.1. «y-ray Flux Variability

In the y-ray band, blazars exhibit remarkable flux variability. For all the three epochs of
the source Ton 599, we estimated the flux variability amplitude using one-day binned light
curves. We found that during the main-flaring epoch (epoch C), the source showed largest
variations with Fys = 0.35 & 0.03. During the pre-flaring epoch (epoch B), the source was
also variable with Fy;, = 0.22 £ 0.04 and during the quiescent epoch (epoch A), the source
was not significantly variable (Fy;r = 0.36 &£ 0.12) within the error bar. During the main-flare
(epoch C), the source showed a maximum flux of 2.24 + 0.25 x 107® ph cm 2 s~! at MJD
59,399.50, which is larger than the maximum flux observed during the 2017 flare [31]. We
found that the photon index value is 1.99 £ 0.10 during the main-flaring epoch (epoch C),
when flux is highest, harder than the 4FGL value of 2.19 4 0.01.

The observed y-ray variability in the blazars could be attributed to both intrinsic and
extrinsic factors. The distribution of relativistic electrons responsible for the emission is one
of the intrinsic effects. These relativistic electrons, which can be accelerated to a Lorentz
factor of up to 10°, are responsible for non-thermal emission from blazar jets via synchrotron
or inverse Compton emission processes. The distribution of these relativistic electrons
and seed photon responsible for the inverse Compton emission process (synchrotron self
Compton (S5C); [15,43] and external Compton (EC); [44,45]) are the intrinsic factors that
cause short-term variability in jets. Extrinsic factors, such as the moving blob’s high bulk
Lorentz factor (I') ~ 50, are in addition to intrinsic factors. Though the large bulk Lorentz
factor is a favourable explanation in the case of BL Lacs, because the seed photons come
from inside the jets and produce y-rays through inverse Compton. On the other hand,
the seed photons in FSRQ, emanate from outside the jets and produce y-rays. However,
pair-production through dense broad line region (BLR) can attenuate y-ray emission. As a
result, in the case of FSRQs, the large bulk Lorentz factor that causes «y-ray variability is not
a plausible explanation [46]. The y-ray flux variability in blazars jets can be explained by
the magnetic reconnection (jet-in-jet) scenario, in which the mini jets generated in the jets
can have a large bulk Lorentz factor and they can produce y-ray flux variability on short
time scale [16,19].

5.2. «y-ray Spectra

For each epoch, we modelled the y-ray spectra of Ton 599 using the power law and
the log parabola models. We used the TS0 value to determine the best fitted model.
Based on the TS¢yre value, we found that the LP model best describes the y-ray spectra
of Ton 599 during all the three epochs indicating that the GeV y-ray spectrum of Ton 599
is curved.

FSRQs usually have a curved GeV <-ray spectrum, e.g., [47-49]. Several theories
have been proposed, in the literature, to explain the curved y-ray spectra of FSRQs. The
attenuation of y-ray photons by pair-production (inside the BLR) could explain the curved
v-ray spectrum [50]. A viable scenario for defining the curve in the y-ray spectrum is the
Klein-Nishina effect on the inverse Compton scattering of BLR photons through relativistic
electrons present in the jet [51]. However, several investigations conducted to locate the
y-ray emission region discovered that the observed <-ray spectra in FSRQs are not caused
by IC scattering of BLR photons and that the y-ray emission site is located outside the
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BLR [19,52]. The curved -ray spectra of FSRQs could also be explained by the curved
energy distribution of the electrons emitting the radiation [53,54].

5.3. Location of the y-ray Emitting Region

We calculated the minimum <y-ray flux doubling timescale of 13.2 h during epoch C
for Ton 599. Using this minimum doubling timescale, we estimated the size of the y-ray
emitting region as 1.03 x 10'® cm. We have also identified the location of the y-ray emitting
blob to be at a distance of 1.03 x 10'® cm from the SMBH. The size of the BLR for TON
599 was estimated as ~(2.11-2.45) x 1017 cm by [32]. So, the location of the y-ray emitting
blob, found in this work, is outside of the BLR. During the 2017 y-ray flare of this source,
using two component leptonic model, Ref. [33] found that the seed photons for the GeV
emission produced by the dusty torus (DT) and the GeV emitting region is located outside
of the BLR. Our results are consistent with the findings of [33].

6. Summary

We investigated the y-ray flux and spectral variability of the blazar Ton 599 during
MJD 59,093 to M]D 59,457. For our study, we have chosen three epochs of different flux
states: quiescent, pre-flaring, and main-flaring. The outcomes of the analysis of these
epochs are summarised below.

¢ We estimated the flux variability amplitude for the specified epochs. The largest y-ray
flux variations were found for the main-flaring epoch (C) with F,,; = 0.35 &£ 0.03.
The source also showed variations in epoch B with F,; = 0.22 + 0.04. However, no
significant flux variation was observed in the quiescent epoch.

¢ The y-ray spectra were well fit by the LP model for all the three epochs.

016

*  We estimated the size of the y-ray emitting region as 1.03 x 10*° cm and the location

of the y-ray emitting blob could be outside of the BLR.
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