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ABSTRACT

This study examines the flux and photon index distributions of 11 Very High Energy (VHE) Flat Spectrum Radio Quasars
(FSRQs) using over 16 yr of Fermi-LAT y-ray data. The distributions reveal double lognormal profiles in both flux and index,
primarily in the 3-d and 7-d binnings, supporting the ‘two-flux-state hypothesis’ for blazars. These profiles, which become
insignificant at 30-d binning, suggest that shorter time-scales are better at capturing distinct states, while longer time-scales
smooth out shorter variations. Most VHE FSRQs exhibit a ‘harder-when-brighter’ trend, where the photon index decreases
during high-flux states, suggesting efficient particle acceleration and possibly reduced radiative cooling. In contrast, two sources
display a ‘softer-when-brighter’ behaviour, likely due to enhanced radiative cooling in high photon density environments.
Additionally, we observe that the Spearman rank correlation between flux and photon index strengthens with increasing time bin
sizes, indicating more pronounced correlations over longer time-scales. This possibly indicates that, on shorter time-scales, flux
variations are driven by a combination of photon index changes and normalization effects. Averaging flux over longer durations
minimizes the effect of normalization variation, thereby enhancing the observed correlation. We also compare the flux and index
distributions of VHE and non-VHE FSRQs, emphasizing the differences in their variability and emission patterns.

Key words: acceleration of particles —radiation mechanisms: non-thermal — galaxies: active—galaxies: jets—gamma rays:
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1 INTRODUCTION

Blazars are an extreme subclass of active galactic nuclei (AGNs),
distinguished by their intense, rapidly varying emissions across the
entire electromagnetic spectrum, from radio to y-rays. The intense
emission observed in blazars is primarily attributed to relativistic
jets directed nearly along the line of sight of observer (Urry &
Padovani 1995). These jets, moving at velocities close to the speed of
light, induce Doppler boosting, in which the radiation from the jet is
significantly amplified due to the relativistic motion of the emitting
particles (Blandford & Konigl 1979; Urry & Padovani 1995). This
amplification leads to an increase in both the observed flux and
variability, making blazars highly luminous across a broad range of
wavelengths, from radio to y-rays (Fossati et al. 1998). Blazars are
classified into two primary types based on their optical emission-
line properties: flat-spectrum radio quasars (FSRQs), which exhibit
strong and broad emission lines, and BL Lacertae (BL Lac) objects,
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which have weak or even absent emission lines (Urry & Padovani
1995; Fan 2003). This distinction is believed to reflect differences
in their jet environments, accretion mechanisms, and possibly the
external photon fields that contribute to the observed radiation of
blazars.

A subset of FSRQs has been identified as very high-energy
(VHE) y-ray emitters, with photon energies exceeding 100 GeV.
These detections have been made using ground-based Cherenkov
telescopes, including MAGIC, VERITAS, and H.E.S.S. (Aharonian
et al. 2006; Holder et al. 2006; Aleksic¢ et al. 2012). To date, only
11 FSRQs have been confirmed as VHE sources, highlighting their
rarity within the broader population of blazars.! It is important
to note that VHE telescopes are not survey instruments and can
only observe sources that are visible under favorable conditions and
fit within their scheduled priorities. These constraints significantly
impact the detection rate of VHE FSRQs, emphasizing the need
for targeted follow-up observations. The detected VHE emission in
these sources is likely the result of complex processes, including
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inverse Compton scattering, where high-energy electrons interact
with external photon fields, as well as hadronic interactions, such
as proton—photon interactions, which can lead to the production of
secondary y-rays through processes like pion decay (Bottcher et al.
2013).

FSRQs often display characteristic trends in their flux-index
relationship, such as the ‘harder-when-brighter’ or ‘softer-when-
brighter’ behaviours (Shah et al. 2019; Malik et al. 2022; Akbar et al.
2025). These trends reflect the interplay between particle acceleration
and cooling processes within the relativistic jet and provide valuable
information into the physical conditions driving y-ray emission.
Exploring these variability patterns, particularly in VHE-emitting
FSRQs, can shed light on the mechanisms underlying high-energy
radiation and the distinguishing features of VHE-emitting blazars
compared to the broader blazar population.

Blazar variability, particularly in the y-ray band, has been shown
to follow a lognormal distribution, a pattern indicative of underlying
multiplicative processes such as turbulence and particle cascades
within relativistic jets, as discussed in Shah et al. (2018) and
references therein. This lognormal behaviour suggests that the flux
variability in blazars is not random but arises from dynamic processes
within the jet environment. Energy dissipation through turbulence,
driven by chaotic motions in the jet, and particle cascades, where
high-energy particles interact with external photon fields leading to
y-ray emission, are key mechanisms behind this variability (Ghis-
ellini et al. 2010). Furthermore, variations in the photon index, which
describes the spectral slope, are often correlated with changes in flux,
reinforcing the connection between particle acceleration mechanisms
and the energy distribution in the jet (Abdo et al. 2010). Several
studies have demonstrated that the flux distributions of blazars,
across both high- and low-redshift sources, often follow lognormal
patterns. However, other statistical fits, such as double lognormal
distributions, have also been explored, as they can sometimes provide
better descriptions of the flux variability, depending on the specific
blazar population under study (Kushwaha et al. 2016; Shah et al.
2019; Khatoon et al. 2020). These statistical behaviours are critical
to understanding the physical processes driving blazar variability
and may help distinguish different subclasses of blazars, such as
VHE-emitting FSRQs, from non-VHE counterparts.

This study uses over 16 yr of continuous y-ray observations from
the Fermi-LAT to perform a detailed statistical analysis of the flux
and photon index distributions in VHE FSRQs. We analyse the
histograms of y -ray flux and photon index, applying different profiles
to model the data. By fitting these profiles, we aim to understand pat-
terns that may reveal the underlying processes of energy dissipation in
the jets of these objects, such as particle acceleration, cooling, and the
effects of magnetic fields. The study also investigates the correlation
between flux and photon index across different time-scales, enabling
us to distinguish between short-term and long-term variability.
Furthermore, by comparing the variability and spectral properties
of VHE FSRQs with those of non-VHE FSRQs, we identify likely
differences, which may indicate distinct physical conditions in the
jets of VHE FSRQs that facilitate the production of VHE y-rays.
While the focus of this study is on statistical analysis, the results may
provide valuable clues about the physical mechanisms that drive the
variability and high-energy emission in these sources, advancing our
understanding of the conditions necessary for VHE y-ray emission in
blazars.

This paper is structured as follows. Section 2 gives an overview of
VHE FSRQs, discussing their VHE detections and corresponding y -
ray emission. Section 3 explains the data analysis process, focusing
on how we prepared and processed the Fermi-LAT data for our study.

MNRAS 539, 2185-2201 (2025)

Section 4 presents the results, examining the fitting profiles and the
flux-index distribution correlations of VHE FSRQs, and comparing
them to the broader FSRQ population. Finally, Section 5 provides a
summary of the key findings.

2 OVERVIEW OF VHE FSRQS

As of today, 11 FSRQs have been identified as VHE emitters. Most
of these detections occurred during intense flaring episodes when
their y-ray flux increased significantly compared to average flux.
These FSRQs have been identified primarily through Fermi-LAT’s
monitoring of their y-ray flares, in conjunction with observations
from ground-based VHE telescopes like MAGIC, VERITAS, and
H.E.S.S., etc. The sources listed below include details of their dis-
covery dates, and key information linking Fermi-LAT observations
with subsequent VHE detections.

S30218 + 35: S3 0218 + 35, also known as 4FGL J0221.1 + 3556,
was detected at VHE by the MAGIC telescope in 2014 July after
experiencing a violent flare observed by the Fermi-LAT (Ahnen
et al. 2016). Located at R.A.: 02"21™05.5%, Dec.: + 35°56'14”
(J2000), this blazar is notable for being gravitationally lensed, with
a redshift of z = 0.944 £ 0.002. The MAGIC telescope observed
the source for 3.5 h from 2014 July 23 to 26, estimating the VHE
flux to be about 15 percent of the Crab Nebula’s flux in the 100-
200 GeV range. This made S3 0218 + 35 one of the most distant
blazars detected at VHE by Cherenkov telescopes. Fermi-LAT had
already identified y-ray flares from this source in 2012, observ-
ing a characteristic 11.46-d delay between the direct and lensed
components of the flare, a result of gravitational lensing (Cheung
et al. 2014). On 2014 July 13 and 14, Fermi-LAT detected another
flare with exceptionally hard spectra (Buson & Cheung 2014). The
daily averaged fluxes were 6.5 & 1.4 x 1077 photonscm~2s~! and
6.7 £ 1.5 x 107 photons cm~2 s~!, with photon indices of 1.4 4 0.1
and 1.6 £ 0.1, respectively. This prompted the MAGIC observations,
which led to the first VHE detection of a gravitationally lensed
blazar.

PKS 0346 — 27: PKS 0346 — 27, also known as 4FGL J0348.5
— 2749, was observed in 2021 November by the H.E.S.S. array,
which detected a > 50 excess in the VHE y-ray band from its
direction (Wagner, Rani & H.E.S.S. Collaboration 2021). This
FSRQ is located at R.A.: 03"48™38%, Dec.: —27°49'14” (J2000),
with a redshift of z=0.991. The H.E.S.S. observations on 2021
November 3, revealed a very soft photon spectral index greater
than 4. Prior to the VHE detection, the Fermi-LAT had observed
a significant increase in y-ray activity from PKS 0346 — 27 on 2021
November 2. The daily averaged y-ray flux (E >100 MeV) reached
1.8+ 0.2 x 107® photonscm™2s~!, marking a 200-fold increase
compared to its average flux in the fourth Fermi-LAT catalogue
(4FGL). The source also showed a photon index of 1.8 & 0.1, which
was significantly lower than its catalogue value of 2.5 &+ 0.1. Earlier
y-ray activity was noted on 2020 February 20 (Mereu 2020), but the
November 2021 flare marked the first significant detection of PKS
0346 —27 at VHE. This demonstrates the importance of Fermi-LAT’s
role in identifying flaring episodes that lead to ground-based VHE
detections.

PKS 0736 + 017: PKS 0736 + 017 [4FGL J0739.2 + 0137,
R.A.: 07"39™18°%, Dec.: + 01°37'05” (J2000)] was detected at VHE
by H.E.S.S. on the night of 2015 February 19 during a low energy
y-ray flare that had been observed by Fermi-LAT (H.E.S.S. Collab-
oration 2020). Fermi-LAT detected the flare on 2015 February 18,
marking the onset of a significant increase in y-ray activity. Strictly
simultaneous observations with Fermi-LAT during the H.E.S.S.
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detection reported a flux of 4.57 & 1.52 x 10~ photons cm ™2 s~!
and a photon index 2.43 £ 0.33. The Fermi-LAT flare exhibited
a doubling timescale of approximately 6 h. With a redshift of
z = 0.189, PKS 0736 + 017 is one of the nearest FSRQs detected
at VHE, highlighting the importance of simultaneous observations
from both Fermi-LAT and H.E.S.S. in capturing these short-lived,
high-energy y-ray events.

PKS 0903 - 57: PKS 0903 — 57 [4FGL J0904.9 — 5734, R.A.:
09"04™53.70%, Dec.: —57°35'05.86" (J2000)] was first identified as a
radio source by Bolton, Gardner & Mackey (1964). The presence of a
bright foreground star (G ~ 16) located merely 0767 away had long
obscured its classification. However, recent observations suggest that
PKS 0903 — 57 is a rare, low-luminosity VHE FSRQ, characterized
by a conspicuous broad-line emission and a luminous continuum
(Goldoni et al. 2024). PKS 0903 — 57 has recently attracted consid-
erable interest due to strong flaring episodes observed since 2020
in high-energy and VHE y-rays. On 2020 April 1, a flaring state at
high-energy y-rays was reported by AGILE (Lucarelli et al. 2020),
and both high-energy and VHE activity was detected by Fermi-LAT
(Buson 2020). Follow-up observations with the H.E.S.S. array were
planned; however, unfavorable weather conditions initially hampered
prompt observations. Nevertheless, two observation runs totaling 49
min were successfully carried out on 2020 April 13, leading to a
significant detection at a level exceeding 25¢ in a preliminary real-
time analysis (Wagner 2020). Further flaring episodes have been
observed from the source in subsequent monitoring campaigns (La
Mura 2022).

TON 0599: Ton 0599 (also known as 4C +29.45, RGB
J11564292, 4FGL J1159.5 + 2914) was detected for the first
time in VHE by the MAGIC telescope on 2017 December 15
(Mirzoyan 2017). The object, located at R.A.: 11"59™31.83%, Dec.:
+29°14'43.83” (J2000), was observed for around 1 h, leading to a
detection with a significance of about 10c. The estimated VHE flux
was approximately 0.15 x 10~° photons cm~2 s~!, corresponding to
about 0.3 Crab Units above 100 GeV, with a soft photon spectrum.
Ton 0599, an FSRQ at redshift z = 0.72449, was in an elevated
state across multiple wavelengths (optical to y-ray) since 2017
October. Between 2017 October 28 and November 5, Fermi-LAT
observed bright flaring activity from the source, with daily y -ray flux
peaking at 2.3 4 0.3 x 107° photons cm~2s~! on October 31, with
a photon index of 1.9 £ 0.1 (Cheung, Gasparrini & Buson 2017).
During this time, VERITAS also detected VHE emission from Ton
0599, confirming the activity across different instruments and energy
bands (Mukherjee & VERITAS Collaboration 2017; Adams et al.
2022).

4C +21.35: VHE y-ray emission from the FSRQ 4C 4-21.35 (also
known as PKS 1222 + 21, 4FGL J1224.9 + 2122; z = 0.432) was
detected by the MAGIC during a brief observation of approximately
0.5 h on 2010 June 17 (Aleksi¢ et al. 2011b). The source is located
at R.A.: 12M24™54.45, Dec.: +21°22/46” (J2000). This detection
coincided with significant high-energy MeV/GeV y-ray activity
observed by the Fermi-LAT. In the MeV/GeV energy range, the
source exhibited a notable flare that lasted about 3 d, peaking on 2010
June 18. During the period of the MAGIC observation, the Fermi
integral flux was measured at 6.5 & 1.9 x 10~ photons cm™2s7!,
with a photon index of 1.95+ 0.21. The VERITAS collaboration
also detected VHE y-rays from PKS 1222 + 21 during observations
between 2014 February 26 and March 10, following a bright GeV
flare reported by Fermi-LAT (Holder 2014; Cerruti 2015). A y-ray
excess was observed at ~ 60 significance, with an integral flux above
100 GeV of 1.4 4 0.3 x 107! photons cm™2s~!, ~ 3 per cent of the
Crab Nebula flux. The coordination between VHE telescopes and
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Fermi-LAT observations highlights the dynamic behaviour of PKS
1222 4 21 during these active phase.

3C 279: The FSRQ 3C 279 [4FGL J1256.1 — 0547, z = 0.5362,
R.A.: 1256™11.1%, Dec.: + 05°47'22" (J2000)] was detected at
VHE y-rays by the MAGIC telescope during bright optical flares in
2006 MAGIC Collaboration (2008) and 2007 (Aleksic et al. 2011a).
However, no VHE y-ray detection was reported for a long period
despite multiple observations (H.E.S.S. Collaboration 2014; Aleksié¢
et al. 2014a; Archambault et al. 2016). In the high-energy y-ray
regime, 3C 279 has been observed with both EGRET (Hartman et al.
1992) and Fermi-LAT (Abdo et al. 2009), with Fermi-LAT detecting
multiple flares in recent years, some of which were followed up
with Cherenkov telescopes (Errando 2014; Adams et al. 2022). In
2014 April and 2015 June, 3C 279 exhibited strong high-energy y-
ray outbursts, with fluxes exceeding 107> photons cm~2 s~! on hour-
long time-scales (Hayashida et al. 2015; Paliya, Sahayanathan &
Stalin 2015). Follow-up observations with H.E.S.S. did not detect
VHE y-rays in 2014, but a significant detection was made in
2015 (H.E.S.S. Collaboration 2019). As part of the H.E.S.S. Target
of Opportunity programme, 3C 279 was again observed multiple
times in 2017 and 2018 following high-optical and high-energy y-
ray states. In 2018 January, H.E.S.S. detected an unexpected VHE
flare at the end of an MeV-GeV flaring state (Naurois 2018),
while in 2018 June, the decaying phase of a strong Fermi-LAT
flare was continuously monitored for several nights, leading to a
highly significant VHE detection (Emery et al. 2019). The source
remains a key object of interest for studying y-ray emission in
FSRQ:s.

OP 313: The very distant FSRQ OP 313 [4FGL J1310.5 + 3221,
z = 0.997, R.A.: 13"10M28.6638*, Dec.: + 32°20'43.783” (J2000)]
has been under observation by the Large-Sized Telescope (LST-1)
since 2023 November. Following an alert from Fermi-LAT and
optical facilities, renewed high-energy (E >100 MeV) activity
was detected. Target of Opportunity observations from LS7-1 be-
tween 2023 December 11 and 14, confirmed a significant VHE
detection, with an integrated flux above 100 GeV at 15 percent
of the Crab Nebula’s flux (Cortina & CTAO LST Collaboration
2023). Fermi-LAT observations showed the y-ray flux peaking at
1.8+ 0.2 x 107 photonscm™2s~! on 2023 November 24, with a
hard photon index of 1.80 £ 0.06, much harder than the 4FGL
catalogue value (Bartolini et al. 2023). This was the highest daily
flux recorded for OP 313, with the previous flare reported in 2022
June.

B2 1420 + 32: The MAGIC collaboration reports the detection of
VHE y-ray emission from the blazar B2 1420432 (OQ 334, 4FGL
J1422.5 + 3223) with R.A.: 14%22m30.83%, Dec.: + 32°23'10.44"
J2000), located at redshift z = 0.682 (Mirzoyan 2020; MAGIC
Collaboration 2021). On 2020 January 21, during 1.6 h of obser-
vation, a 130 detection was achieved, with the VHE flux estimated
to be about 15 percent of the Crab Nebula’s flux above 100 GeV.
The MAGIC observation was triggered by Fermi-LAT’s report of
flaring activity Ciprini & Cheung (2020) in GeV y-rays. On 2019
December 30 and 31, the source exhibited significant activity, with
daily averaged y-ray fluxes of 0.9 0.1 x 1076 photons cm =2 s~
and 1.7 +0.2 x 1078 photonscm™2s~!, respectively. This repre-
sents flux increase of approximately 110 and 210 times the 8-yr
average flux from the 4FGL catalogue. The corresponding photon
indices for these dates were 1.9 & 0.1 and 2.1 £ 0.1.

PKS 1441 + 25: The MAGIC collaboration reported the first
discovery of VHE y-ray emission from the FSRQ PKS 1441 + 25
[4FGL J1443.9 + 2501, R.A.: 14"43™56.9%, Dec.: + 25°01'44"
(J2000)], at redshift z = 0.939 (Ahnen et al. 2015; Mirzoyan 2015).
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Observations were conducted with the MAGIC telescope during
2015 April 17-19, with detections reaching more than 6o and
110 on consecutive nights. The VHE flux above 80 GeV was
approximately 8 x 107! photonscm™2>s~! (16 percent of Crab
Nebula flux). Triggered by enhanced multiwavelength activity,
including optical, X-ray, and y-ray frequencies (Pacciani 2015),
Fermi-LAT detected a y-ray flare from 2015 March 21 to April
15, with a flux of 3.8 & 0.3 x 10~7 photonscm~2s~!, and a photon
index of 1.93 +0.07. This flux was significantly higher than the
catalogue value from the third Fermi-LAT catalogue. Subsequently,
VERITAS detected VHE y -ray emission from PKS 1441 + 25 during
observations conducted on the night of 2015 April 21 (Abeysekara
et al. 2015; Mukherjee 2015).

PKS 1510 - 089: The source PKS 1510 — 089 (4FGL J1512.8
— 0906), with coordinates R.A.: 15"12™50.5%, Dec.: —09°06'00”
(J2000), located at redshift z = 0.361, was first observed with
the H.E.S.S. array during high states in the optical and GeV
bands (H.E.S.S. Collaboration 2013). VHE y-rays were detected
with a 9.20 significance in 15.8 h of data taken during 2009
March and April. A VHE integral flux of 1.0 £ 0.2, £ 0.24 x
10~ photonscm=2s~! was measured. During the same period,
the average integral flux in the 200 MeV-100 GeV range was
1.26 £ 0.03 x 107 photons cm~2 s~!, indicating simultaneous GeV
and VHE activity. Subsequent observations were guided by multi-
wavelength flares, leading to a detection with MAGIC during another
high state of high-energy y-ray emission in 2012 (Aleksi¢ et al.
2014b). Systematic monitoring efforts at VHE y-rays commenced
only later (Zacharias et al. 2019), ultimately resulting in the detection
of PKS 1510—089 in VHE y-rays with MAGIC during low high-
energy y-ray states (MAGIC Collaboration 2018). In 2016, contin-
uous monitoring with H.E.S.S. led to the detection of a strong VHE
y-ray flare that was not preceded by significant multiwavelength
activity. This event was subsequently followed up with MAGIC,
enabling, for the first time, investigations of sub-hour variability
time-scales in VHE y-rays for this source (H.E.S.S. Collaboration
2021).

3 FERMI LAT DATA AND ANALYSIS

The Fermi Large Area Telescope (LAT), operating since 2008, is a
space-based y-ray observatory that monitors the sky from 20 MeV
to more than 300 GeV (Atwood et al. 2009). With its broad field of
view (~ 2.4 steradians) and continuous sky coverage, LAT observes
the entire sky every 3 h, making it a powerful tool for time-domain
studies of transient and variable y -ray sources, such as blazars. This
long-term monitoring, coupled with its high duty cycle, makes LAT
essential for studying variability and identifying flaring episodes in
these sources.

For the analysis, we utilized data from the Fermi-LAT Light Curve
Repository (LCR),” which contains flux-calibrated light curves for
over 1500 variable sources (variability index > 21.67) from the
4FGL — DR2 catalogue (Abdollahi et al. 2023). The light curves
cover the entire mission, with data binned into 3-, 7-, and 30-d
intervals, providing a high cadence and long-term monitoring of the
y-ray sky. These properties make the LCR an essential tool for time-
domain astronomy. The final results include the best-fitting flux or
upper limit, along with the spectral shape for both fixed and variable
photon index models, ensuring a comprehensive characterization of
source variability and spectral evolution.

Zhttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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4 RESULTS

4.1 Gamma-ray light curves and statistical distribution
analysis of VHE FSRQs

In this study, we utilize y-ray light curves of FSRQs spanning the
energy range of 0.1-100 GeV, obtained from the Fermi-LAT LCR.
These light curves are presented in three different time binnings: 3-d,
7-d, and 30-d intervals. Alongside the flux values, we also incorporate
the corresponding spectral index values to provide a comprehensive
view of the spectral behaviour of these sources across the Fermi-
LAT energy band. Fig. 1 displays the 7-d binned y-ray light curves
for the 11 VHE FSRQs, along with their corresponding spectral
indices. These figures reveal significant variability in both the flux
and spectral index over time, indicating a dynamic and complex
emission mechanism. The red vertical lines in the figures highlight
the times when VHE emission was detected, allowing us to see the
correlations between heightened y-ray flux and VHE activity. These
observations suggest that the VHE detections often coincide with
periods of increased y-ray flux, providing additional insights into
the potential physical processes responsible for these high-energy
events.

4.1.1 Data refinement and normality tests

To ensure the robustness of our analysis, several refinement criteria
were applied to the y-ray photon flux and photon index data. We
first filtered out data points with TS < 4, which corresponds to a 20
detection threshold. This ensures that only statistically significant
measurements are considered in the analysis. Additionally, we
applied strict criteria on the flux and index values, excluding those
with large uncertainties. Specifically, we only retained flux and index
values where the ratio of the value to its error exceeded 2.

To explore the statistical distributions of the flux and spectral
index values, we performed normality tests using the Anderson—
Darling (AD) test. This test was conducted both on the linear and
log scales of flux and index data to determine whether it follows a
normal or lognormal distribution. If the AD test indicated that the
data followed a normal or lognormal distribution, we proceeded with
the corresponding fit. In cases where neither normal nor lognormal
distributions provided a good fit, we explored alternative models,
including the double normal and double lognormal distributions.
The choice of fit was based on the AD test results and reduced x>
values, ensuring that the best possible model was selected for each
distribution.

Our results show that in most cases, the flux and index distributions
are well-described by either lognormal or double lognormal models.
However, for some sources, particularly in the index data, normal
distribution was observed. The mathematical functions used for
fitting these distributions (on logarithmic data) are outlined below:

(1) Normal distribution:
10 log(10) Rt )2/252
V2o, ’

where w, is the mean and o, is the standard deviation of the
distribution.
(2) Lognormal distribution:

Nx)= (H

L(x) = ef(xfﬁt/)z/%,z’ 2)

1
\/27’[01
where w; and o; are the mean and standard deviation of the
logarithmic distribution.
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(3) Double lognormal distribution:

7(xfm)2 7(X*#2)2
a —a  (l—-a —35
D(x) = e ¥ 4 -——Te M 3)
V2mo? V2no?
where a is the normalization fraction, | and u, are the centroids of
the distribution with widths o, and o5, respectively, of the logarithmic
distribution.

While fitting the above profiles we have kept all the parameters
free. In addition to the fitting procedures outlined above, histograms
of the flux and index values were constructed to assess how well the
distributions adhered to the fitted profiles. These histograms were
constructed with an equal number of points per bin, while varying
the bin widths to ensure that no bin had zero counts. The results of
the best-fitting profiles (Fig. 2 for 3 d, Fig. 3 for 7 d, and Fig. 4 for
30 d), including the corresponding AD test values and reduced x>
values for each source in case of flux and index are summarized in
Tables 1 and 2, respectively.

4.1.2 Flux and index distribution analysis

The flux distributions for the VHE FSRQs reveal diverse behaviours
across the three different time bins (3, 7, and 30 d). For seven sources
(4FGL J0221.1 + 3556, 4FGL J0348.5 — 2749, 4FGL J0904.9
— 5734, 4FGL J1224.9 4 2122, 4FGL J1310.5 + 3221, 4FGL
J1443.9 + 2501, 4FGL J1512.8 — 0906), the flux distributions in all
three bins exhibit a double lognormal profile. This behaviour aligns
with findings in other studies, where double lognormal distributions
are often interpreted as an indication of distinct emission regions
contributing to the observed variability (Kushwaha et al. 2016;
Shah et al. 2018). Three other sources (4FGL J0739.2 + 0137,
4FGL J1159.5 + 2914, 4FGL J1422.3 + 3223) showed double
lognormal behaviour in the 3- and 7-d bins but changed to a single
lognormal profile in the 30-d bin. This change could be due to the
averaging effects of longer time bins, which may smooth out the finer
variability features detected in shorter bins. Similarly, one source
(4FGL J1256.1 — 0547) displayed a lognormal distribution in the
7- and 30-d bins but showed a double lognormal profile in the 3-d
bin, indicating a time-dependent structural change in the emission
pattern (see top right panels of Fig. 2 for 3 d, Fig. 3 for 7 d, and Fig.
4 for 30 d).

For the spectral index distributions, two sources (4FGL J1224.9
+ 2122 and 4FGL J1512.8 — 0906) exhibited a double lognormal
profile consistently across all three bins. Six sources (4FGL J0348.5
— 2749, 4FGL J0739.2 4 0137, 4FGL J0904.9 — 5734, 4FGL
J1159.5 + 2914, 4FGL J1256.1 — 0547, and 4FGL J1443.9 + 2501)
followed double lognormal distributions in the 3- and 7-d bins, but
the distributions became lognormal in the 30-d bin. This transition
to a simpler lognormal profile at longer time-scales might reflect
the dominance of fewer, larger-scale processes at work, such as jet
instabilities that reduce over short-term fluctuations (Raiteri et al.
2001). Two sources (4FGL J0221.1 + 3556 and 4FGL J1422.3
+ 3223) showed a double lognormal distribution in the 3- and 7-
d bins, while a normal distribution was observed in the 30-d bin.
Another source (4FGL J1310.5 4 3221) showed a double lognormal
distribution in the 3-d bin, a lognormal distribution in the 7-d bin,
and a normal distribution in the 30-d bin. This transition suggests
that, as bin sizes increase, variability from smaller components
diminishes, potentially leaving only a large-scale, more uniform
process governing the emission (see bottom panels of Fig. 2 for
3 d, Fig. 3 for 7 d, and Fig. 4 for 30 d).
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An important observation from this analysis is that for all the
sources, a double lognormal distribution profile dominates in finer
binning (3 d and mostly in 7 d) for both flux and index values.
This profile is often interpreted as evidence of complex processes,
such as magnetic reconnection or turbulence in the jet, which can
produce bursts of emission over short time-scales (Marscher 2014).
As the time bins increase, the flux and index values show a tendency
to simplify, often converging toward a single lognormal or even
normal distribution. This pattern, as also discussed in Khatoon
et al. (2020) implies that larger time bins smooth out smaller
scale variations, leaving only the underlying long-term behaviour in
View.

4.1.3 Correlation study and two-flux-state hypothesis

In our study, we examined the relationship between y-ray flux and
spectral index to identify characteristic trends in blazar variability.
Most sources in our sample exhibit a ‘harder-when-brighter’ trend,
where the spectral index decreases (hardens) with increasing flux.
This behaviour, observed across all time binnings (3, 7, and 30 d)
in nine sources — 4FGL J0348.5 — 2749, 4FGL J0739.2 + 0137,
4FGL J0904.9 — 5734, 4FGL J1159.5 + 2914, 4FGL J1224.9
+ 2122, 4FGL J1256.1 — 0547, 4FGL J1310.5 + 3221, 4FGL
J1422.3 + 3223, and 4FGL J1443.9 + 2501 — highlights the role
of efficient particle acceleration processes like shocks, turbulence, or
magnetic reconnection within the relativistic jet. Here, the particles
get accelerated faster than they cool resulting in the harder spectral
indices during periods of rising flux. This suggests that in high-flux
states, the contribution of accelerated particles dominates, while in
low-flux states, cooling processes become more significant (Kirk,
Rieger & Mastichiadis 1998).

Conversely, two sources — 4FGL J0221.1 + 3556 and 4FGL
J1512.8 — 0906 — display a ‘softer-when-brighter’ trend, where
the spectral index increases (softens) as flux rises. This behaviour
is likely linked to enhanced radiative cooling at higher flux levels,
particularly in environments with strong external photon fields such
as the broad-line region or dusty torus. In these environments,
accelerated particles lose energy more rapidly through processes like
inverse Compton scattering, shifting the emission to lower energies
and softening the spectrum.

In our analysis, we found that the Spearman rank correlation
coefficients for most of the sources became stronger as we moved to
larger time bins. This indicates that the overall correlation — whether
positive or negative — between flux and photon index becomes
more pronounced in most sources when observed over longer time-
scales. Table 3 summarizes the correlation coefficients calculated for
different time bin sizes. This result suggests that, on shorter time-
scales, flux variations are influenced by both index and normalization
(norm) fluctuations. As the time bin size increases, the averaging of
flux over longer durations reduces the effect of norm fluctuations,
effectively smoothing out their variations. This effect enhances the
strength of the correlation between flux and photon index, making it
more prominent on longer time-scales (Shah et al. 2017).

Several studies, including those by Kushwaha et al. (2016) and
Khatoon et al. (2020), have proposed a ‘two-flux-state hypothesis’
for blazars, suggesting that blazars may exhibit distinct low and
high-flux states. Our results lend support to this hypothesis, as
double lognormal profiles were observed consistently in both flux
and index distributions within the 3-d binning and mostly in 7-d
binning, indicating the presence of multiple emission states. These
double-distribution profiles, which tend to become insignificant in
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Figure 2. Multiplot showing the flux/index distribution of 11 VHE sources in 3-d binning. The top left panel displays a scatter plot of the logarithm of flux
versus index, along with the best-fitting line (dotted blue). Grey and light cyan points are above and below the best-fitting line, respectively. The top right
panel shows the histogram of the logarithmic flux distribution. The bottom panel shows the histogram of the logarithmic index distribution. The solid red curve
(right-hand top panel and bottom panel) represents the best-fitting function, with dotted green and cyan curves showing the individual components in case of
double lognormal fit (For normal and lognormal fits, the red curve is replaced by blue and yellow curves, respectively, as indicated in the legend). Vertical and
horizontal bands indicate the 1o error range for the centroid/centroids of the best-fitting function to the index and flux distributions, respectively. The cross
symbols in the top left panel indicate the intersection points of the individual centroid/centroids of the distribution, with the yellow inverted triangle representing
the corresponding flux and index values at the time the source was detected in VHE. Orange and black filled circles represent the mean values for data points
above and below the best-fitting line, respectively. The legend for the top left panels is shown at the bottom of the figure.
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Figure 2. Continued.

the 30-d bin, likely reflect that shorter time-scales are more effective
at capturing distinct states, while longer time-scales smooth out these
variations.

To further investigate the two-flux-state hypothesis, we analysed
the intersection of centroids from the double lognormal profiles fitted
to the flux and index distributions. For sources exhibiting the ‘harder
when brighter’ trend, the higher flux component corresponds to a
lower spectral index, as indicated by the same colour in the plots.

MNRAS 539, 2185-2201 (2025)

Conversely, for sources following the ‘softer when brighter’ trend,
the higher flux component is associated with a higher spectral index,
also represented by the same colour. By examining the intersection
points of these components (marked by cross symbols in the plots),
which lie above and below the best-fitting line for most sources, we
observe a clear pattern. The points above the line (shown in grey)
and those below the line (shown in light cyan) seem to represent two
distinct flux states. This observation provides additional evidence
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Figure 3. Multiplot showing the flux/index distribution of 11 VHE sources in 7-d binning. All other details are the same as in Fig. 2.

supporting the hypothesis of two separate flux states (see Fig. 2 for
3 d, Fig. 3 for 7 d, and Fig. 4 for 30 d).

Additionally, we calculated the mean values for data points lying
above and below the best-fitting line and included these in the
plots, represented by orange and black-filled circles, respectively.
In most cases, the mean of the lower points aligns with the lower flux
component at the intersection point within 1o error band. However,
the mean of the upper points tends to deviate from the higher flux

component at the intersection point above the best-fitting line. This
indicates that the lower flux component is primarily influenced by
index variations, while the higher flux component likely involves
fluctuations from both the index and norm factors. These results
suggest that flux variations are not solely driven by index changes,
which depend on acceleration and cooling time-scales, but are also
affected by norm factors, such as the magnetic field and Doppler
factor.

MNRAS 539, 2185-2201 (2025)

GZ0Z aunp 90 uo Jasn soiskydoasy 1o a1nnsu| uelpu| Aq 086€ 1L 18/S8 1L Z/S/6ES/a01e/seluw/woo dno olwapede//:sdiy Woll papeojumo(]



2194  Z. Malik et al.

4FGL J1256.1-0547

4FGLJ1310.5+3221

|
w
n

s Double Log-normal

Flux (erg cm=2 s71)

| | | | |
© N N o o
o W o w o

Log-normal | () 1 5 3 4
Normalized counts

—
w

"

»
-
-

Normalized counts
=
o
——
—e—

=}

0.3 0.4 0.5 0.6
Index

e
N

4FGL J1443.9+2501

s Double Log-normal

s Double Log-normal

Normalized counts

0.2 0.3 0.4 0.5 0.6
Index

4 = Double Log-normal

45 Lognomal
T 504 1
wn . L]
T 5.5 1
IS L]
S 6.0 1 -
> 001 _suadd oy
S sl e Sl ] — =
2L -6 & v =
x .-
35 -7.04 1 .
w
-7.5 T r - T r -
215 ] == DoubleLognormal ) 9 0,25 0.50 0.75 1.00 1.25
< Normalized counts
8
< 10
(9
N
T .
g s
£
o
=4
04
0.2 0.3 0.4 0.5 0.6
Index
4FGL J1422.3+3223
-85 == Double Log-normal
a
' 6.0
v
£ —6.5
(9]
2 _7.0
L
X 7.5
[
};%8- s Double Log-normal 0?0 0?5 1?0 1f5 2?0 2?5
= Normalized counts
o
o
e
()
N
©
€
£
o
P4
0.2 0.3 0.4 0.5 0.6
Index
—~ =5
a
I
w
b
A 0 k. -
© L
o k- .
L 74
x
=
w
-8 == Double Log-normal
251 +
5
3 201
1)
el
(94
N
©
€
£
(=}
=2

T T T T T
0.0 0.5 1.0 15 2.0 2.5
Normalized counts

VHE
Intersection above line

X Intersection below line 4 Mean below line

Mean above line

Figure 3. Continued.

We also plotted the corresponding flux and index values at times
when the source was detected in the VHE. In all cases, we found that
these points fall within the higher flux and lower index range, which
is consistent with findings suggesting that VHE detections are more
probable during high-flux, hard-spectrum states. This aligns with
theoretical predictions and prior empirical observations, highlighting
that VHE detection is often associated with the most energetic states
of the blazar, providing insights into the nature of high-energy

MNRAS 539, 2185-2201 (2025)

particle acceleration and emission mechanisms at work in these
extreme conditions.

4.1.4 Comparison of VHE and non-VHE FSRQs

The Fermi LCR includes sources from the Fermi 4FGL — DR2
catalogue, specifically selecting those with variability indices greater
than 21.67. This variability index, which reflects the fractional
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Figure 4. Multiplot showing the flux/index distribution of 11 VHE sources in 30-d binning. All other details are the same as in Fig. 2.

variability (§ F/F) over yearly time-scales, resulted in a sample of
1525 variable sources. Among these, approximately 38 per cent are
classified as FSRQs, making them the largest category of variable
sources detected in the catalogue.

Following the previously described data cuts and incorporating the
results of the AD test, we fitted each FSRQ with the best distribution
based on the reduced x 2 value. Based on the results from the previous
section, where all 11 VHE FSRQs were shown to exhibit double

lognormal distributions in both flux and index under finer time
binning (3 d), we extended our analysis to identify additional FSRQs
with similar distribution characteristics. Out of the entire sample
of non-VHE FSRQs, we found that 99 sources also confirmed to
a double lognormal distribution for both flux and index in the 3-
d binning. This group of 99 non-VHE FSRQs provides a basis
for comparing with the VHE FSRQs. By analysing their flux and
index distribution parameters, we can explore possible differences

MNRAS 539, 2185-2201 (2025)

GZ0Z aunp 90 uo Jasn soiskydoasy 1o a1nnsu| uelpu| Aq 086€ 1L 18/S8 1L Z/S/6ES/a01e/seluw/woo dno olwapede//:sdiy Woll papeojumo(]



2196

Z. Malik et al.

4FGL J1256.1-0547

4FGL J1310.5+3221

|
w
=}

=5.51
—6.0

|
o
5

Flux (erg cm=2 s71)
4
1<)

| |
® ~
o

s Double Log-normal

Normalized counts
- =
w o v

o

w——Normal OIO

o
N

0.3

T
0.4

T
0.5

0.6

0.5 1.0 1.5 2.0
Normalized counts

—_ -5.0 Log-normal
T —-5.54 4
" . L]
" -6.0 1
£ NTY
Y 6.5 L 4
o .
9 -7.04 1 o
x
5 -7.54 1
w
-8.0 r . . . . .
¥ 25 teeremello.0 05 1.0 1.5 2.0 25
8 :
S Normalized counts
S 20
()
S 15 4
N
= 101 +
) '
= 4 <
07 T T T
0.2 0.3 0.4 0.5 0.6
Index
4FGL J1422.3+3223
55 Logrnommal
a
' —6.0 1 e
b
—
§ %37 S~ 1 e -
o ~o ———
2 7.0 g ooce 1 )
9 * "~ B —
x Sso —_—
X 7.5 1 -e=
o
3838 ==rwmillgo 05 1.0 15 2.0 25
< Normalized counts
o
O 204
e
(9
N
® 10 A
€
£
[=}
2
04
0.2 0.3 0.4 0.5 0.6

Index

|
bl
=)

Index

4FGL J1443.9+2501

= Double Log-normal

Lognormal | 1 > 3 4
15 A Normalized counts

«
——
——
=g
——
o=

o
L]

0.2 0.3 0.4 0.5 0.6

_5.5
-6.0 s
-6.5 8-

Flux (erg cm~2 s71)
|
~
o
\
\
\
\
-

= Double Log-normal

| |
w ® N
S o

N
o

Normalized counts
-
o

S}

s Double Log-normal ofo 0?5 1?0 1?5

Normalized counts

=)
N}
o
w
<)
IS

VHE

0.5

Intersection above line

0.6

X Intersection below line & Mean below line

Mean above line

Figure 4. Continued.

in their emission properties, which may point to distinct underlying
physical processes in VHE versus non-VHE FSRQs. Fig. 5 provides
a comparison of the statistical parameters from the double lognormal
fits for VHE and non-VHE FSRQs.

The top two panels illustrate the relationship between the mean
flux (u; flux and p, flux) and the mean photon index (u; index
and u, index) for VHE and Non-VHE FSRQs, compared to the
overall average behaviour of the FSRQ population, as indicated by

MNRAS 539, 2185-2201 (2025)

the best-fitting lines. VHE FSRQs exhibit slightly harder spectra
compared to the average indices of FSRQs at similar flux levels. This
indicates that, while VHE FSRQs do not occupy distinct regions, they
show subtle differences in spectral behaviour, consistent with harder
spectra.

The bottom two panels compare the flux dispersions (o flux and
o0, flux) with the index dispersions (o index and o, index). In the
first component (o} flux versus o; index), VHE FSRQs show lower
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Table 3. Spearman rank correlation coefficient (r,) and p-value (P;) for various sources with 3-, 7-,
and 30-d binning intervals.

Source 3d 7d 30d
rs Py rs Py rs Py
4FGL J0221.1 + 3556 0.28 6.25¢ — 10 0.24 5.77e — 07 0.34 2.49¢ — 06
4FGL J0348.5 — 2749 —040 2.73e—26 —047 3.10e — 21 —0.62 7.54e — 14
4FGL J0739.2 + 0137 —0.19 3.74e—-03 —-020 270e—-03 —032 8.73e— 05
4FGL J0904.9 — 5734 —0.14 124e—-04 —0.15 2.19e—03 —-0.21 7.23e — 03
4FGL J1159.5 + 2914 —031 242¢e—-25 —-040 6.02e—25 —-0.59 8.0le—18
4FGL J1224.9 + 2122 —0.18 6.44e—-07 —-030 197¢e—10 —0.29 4.8le— 04
4FGL J1256.1 — 0547 —0.11 5.19¢e—06 —0.19 1.83e—07 —026 2.79¢— 04
4FGL J1310.5 + 3221 —0.19 1.18¢—-05 —-029 582¢—-06 —040 1.0le—06
4FGL J1422.3 + 3223 —0.27 1.14e—09 —-0.34 3.06e —09 —044 1.62e — 05
4FGL J1443.9 + 2501 —0.10 1.18¢—-01 —-0.27 8.0le—04 —0.05 6.35¢ —01
4FGL J1512.8 — 0906 0.02 4.02e — 01 0.10 4.15e — 03 0.29 3.96e — 05
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Figure 5. Comparison of parameters between VHE and non-VHE FSRQs. The panels depict the relationships between flux and index distribution parameters.
The black dotted line in each plot represents the best-fitting line for all data points.

index dispersions, indicating reduced variability and more stable
spectra compared to the average FSRQs. In contrast, the second
component (o, flux versus o, index) shows higher index dispersions
for VHE FSRQs, reflecting greater variability in this component.
These differences suggest that VHE FSRQs exhibit more stability in
one component while showing higher variability in the other, possibly
due to differences in emission processes.

5 SUMMARY

This study investigates the y-ray variability and statistical properties
of 11 VHE FSRQs using light curves derived from Fermi-LAT
observations in the 0.1-100 GeV energy range. By using different
time bins of 3, 7, and 30 d, the analysis captures variability trends
across both short- and long-term time-scales, offering critical insights
into the highly dynamic behaviour of these sources. The light curves

MNRAS 539, 2185-2201 (2025)
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reveal significant y-ray flux variability and spectral changes in all 11
VHE FSRQs. During periods of VHE activity, the Fermi y-ray flux
increased in most cases, suggesting a connection between enhanced
particle acceleration and the emergence of VHE emissions.

The statistical distributions of y -ray flux and photon index revealed
that double lognormal profiles were the most common in finer
binnings, particularly in the 3- and 7-d intervals. This aligns with
the ‘two-flux-state hypothesis’, which suggests that blazars can
exhibit distinct low and high-flux states. Further analysis of the
centroids of these double log-normal profiles provided additional
support for this hypothesis. As the time bin size increased, the
distributions transitioned from double log-normal to simpler forms,
reflecting the smoothing effects of long-term variability over short-
term fluctuations.

Correlation analysis between y-ray flux and photon index revealed
diverse behaviours among the sources. Nine of the 11 VHE FSRQs
showed a ‘harder-when-brighter’ trend, where the spectral index
hardened as the flux increases, indicating more efficient particle
acceleration over cooling during high-energy states. In contrast,
two sources displayed a ‘softer-when-brighter’ trend, likely due
to strong radiative cooling effects from interactions with dense
external photon fields. Furthermore, the correlation strength between
flux and index increased with larger time bin sizes in most cases,
suggesting that shorter time-scales are sensitive to variations in
both the index and normalization factors, while at longer time-
scales normalization variations get minimized. Additionally, when
compared to non-VHE FSRQs, the VHE sources are found to
have harder spectra and show some differences in their variability
patterns.

In conclusion, this study provides valuable insights into the y-
ray variability and statistical properties of VHE FSRQs. The results
suggest that the high-energy emissions of these sources are driven by
complex processes, including particle acceleration, cooling effects,
and normalization factors. Future work involving a larger sample
of sources and multiwavelength observations could offer deeper
insights into the physical mechanisms responsible for the variability
and high-energy emissions in these extreme blazars, aiding in the
identification of additional VHE candidates and the refinement of
theoretical models of y-ray emission.
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