
P
o
S
(
I
C
R
C
2
0
2
1
)
8
2
4

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

TeV emission from FSRQs: the first systematic and
unbiased survey

Patel, S. R.0,∗ on behalf of the VERITAS Collaboration
(a complete list of authors can be found at the end of the proceedings)
0Deutsches Elektronen-Synchrotron DESY,
Platanenallee 6, D-15738 Zeuthen, Germany
E-mail: sonal.patel@desy.de

Flat spectrum radio quasars (FSRQs) have been detected at TeV energies by ground-based at-
mospheric Cherenkov telescopes mainly during flaring states. VERITAS is carrying out the first
systematic and unbiased search for TeV emissions from a set of FSRQs. Fermi-LAT-detected FS-
RQs with positive declinations and extrapolated fluxes from the 3FHL catalog exceeding 1% Crab
at >200 GeV after correcting for EBL absorption were selected for this survey, resulting in eight
targets. Additionally, four FSRQs that were already detected at TeV energies are also included in
this survey. In an unbiased fashion, the observations of 12 FSRQs, even without detection, will
provide the first constraints on their duty cycle of TeV emission. We report the results from four
of the 12 FSRQs observed during 2020-21 season in this work. For these sources, we also show
the results from nearly simultaneous Fermi-LAT observations.
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1. Introduction

Blazars, an ever-surprising class of active galactic nuclei, show two broad humps in the
broadband spectral energy distributions (SEDs). The first low-frequency hump is attributed to
synchrotron emission from relativistic electrons, gyrating in the magnetic field of the jet. Blazars
can be classified depending on the location of the synchrotron emission peak in the SEDs. The
synchrotron emission peak of BL Lacs lies within the infrared-to-X-ray frequency range, while
that of FSRQs lies mostly within the infrared-optical frequency range. The origin of the higher
frequency hump in SEDs is usually considered as inverse Compton (IC) scattering of relativistic
electrons on the synchrotron photons (Synchrotron Self Compton, SSC) or the photons external to
the jet (External Compton, EC). The external photon field for Comptonization are mostly associated
with the accretion disk [10], broad-line region (BLR) or dusty torus (DT) [5, 34]. The SSC
emission is generally used to explain the high-frequency hump in BL Lacs, while EC emission
is preferred for FSRQs due to the presence of seed photons in the circumnuclear environment of
these sources, evident from characteristic emission lines in their optical spectra. Alternatively, in
the hadronic scenario, it is possible to produce high energy W-ray via ?W interaction followed by
proton synchrotron or neutral pion decay processes [6, 21, 22, 29]. Recently, it has been shown that
FSRQs are expected to be sources of astrophysical neutrinos in the sub-EeV range [33].

Generally FSRQs are located at larger distances compared to BL Lacs [13]. The attenuation of
very high energy W-ray from these distant objects due to scattering on the extra-galactic background
light and possible intrinsic spectral cutoff above GeV energies [12] make their detection difficult
by the current generation of ground-based imaging atmospheric Cherenkov telescopes (IACTs),
namely the High Energy Stereoscopic System [H.E.S.S., 35], Major Atmospheric Gamma Imaging
Cherenkov Telescope [MAGIC, 3] and Very Energetic Radiation Imaging Telescope Array System
[VERITAS, 32]. So far a total of eight FSRQs are detected at TeV energies by these three major
ground-based W-ray detectors and are listed in Table 1. All of them were detected during high flux
states, except PKS 1510-089, from which TeV emission has also been seen in its low flux state [19].

Table 1: FSRQs detected by major IACTs.

Source Name I Detected by Reference
PKS 1222+216 0.43 MAGIC, VERITAS [16, 28]
Ton 599 0.73 MAGIC, VERITAS [26, 31]
PKS 1441+25 0.94 MAGIC, VERITAS [25, 30]
3C 279 0.54 H.E.S.S., MAGIC [8, 18]
PKS 1510-089 0.36 H.E.S.S., MAGIC [9, 14]
B2 1420+32 0.68 MAGIC [27]
S3 0218+357 0.94 MAGIC [24]
PKS 0736+017 0.19 H.E.S.S. [15]

In this work, we present the results from VERITAS observations of four FSRQs: GB6
J0043+342, S3 0218+35, PKS 0736+017 and 3C 454.3. These observations are part of the survey
of TeV emission from FSRQs, which is discussed in section 2. The details of observation and data
analysis are mentioned in section 3. We then discuss our results in section 4.
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2. VERITAS survey of TeV emission from FSRQs

We have selected 12 FSRQs showing relatively hard GeV spectra in this survey, as shown in
Figure 1(a). The sample includes eight sources with positive declination having an extrapolated
3FHL catalog flux in excess of 1% of the Crab at 200 GeV after taking into account EBL absorption
[11]. The remaining four FSRQs were already detected at TeV energies: PKS 0736+017 and
B2 1420+32 have northern declination but extrapolated fluxes <1% Crab, and 3C 279 and PKS
1510-089 are among the most active TeV blazars but culminate below 60◦elevation for VERITAS.

(a) Sources included in the survey are shown on galactic coor-
dinate system. This work presents the results from the sources
shown in red text.

(b) VERITAS observations of four sources during
2020-21 season. The legends correspond to the starting
MJD on the horizontal axis for each source.

Figure 1: VERITAS survey of TeV emission from FSRQs

For each of these sources, eight hours of observation split over two consecutive nights, if
possible, were requested. Our goal was to achieve the deepest possible VERITAS instantaneous
sensitivity without compromising the energy threshold by going to too low an elevation. Four of
these sources were observed during the season of 2020-21, with observations spanning three nights
for GB6 J0043+3426 and S3 0218+35, and four nights for PKS 0736+017 and 3C 454.3, as shown
in Figure 1(b).

The data set of this survey aims to provide the first unbiased characterisations of TeV emission
from the jets of FSRQs. A subset of these observations that yields non-detection will constrain the
extrapolation of the LAT fluxes for these sources, as shown in the present work. The quantification
of possible spectral breaks is necessary to accommodate the VERITAS upper limits, which will
provide valuable constraints to the dominant cooling mechanism of the highest-energy electrons
in the emitting plasma, and could identify the energy of the seed photon field for Compton up-
scattering. Additional value of the resulting data set comes from the systematic acquisition of TeV
data on a small but representative population of FSRQs. Even if no clear detection comes out of
this study, it would already provide the first quantitative statement on the very limited duty cycle of
TeV emission from the population of FSRQs.
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3. Observation and Data analysis

VERITAS is one of the most sensitive ground-based W-ray detectors. It is located at the Fred
LawrenceWhipple Observatory in southern Arizona (31 40N, 110 57W, 1.3km a.s.l.). It is sensitive
to W-ray emission in the energy range, 100 GeV to >30 TeV. The VERITAS array has four 12 m
diameter, 12 m focal length imaging atmospheric Cherenkov telescopes. Each telescope has a
Davies-Cotton design segmented mirror dish of 345 facets and focuses the Cherenkov light from
particle showers onto a pixellated camera having 499 PMTs and a total field of view of 3.5◦. The
current configuration of the array can detect an object having 1% Crab Nebula flux in ∼25 hours
with energy resolution of 15-25%. For a 1 TeV photon, the 68% containment radius is < 0.1◦,
with a pointing accuracy of <50". As a part of the blazar monitoring program, VERITAS has
collected ∼30 hr of good quality data from four FSRQs during 2020-21. The VERITAS software
EventDisplay [17, 20] based on image parameters and boosted decision trees for gamma hadron
separation was used to analyse these data. Data were also analysed and compared with a second
independent VERITAS software.

(a) GB6 J0043+3426 (b) S3 0218+35

(c) PKS 0736+017 (d) 3C 454.3

Figure 2: Significancemaps of four FSRQs studied in this work. The circles indicate the regions excluded for
background estimation. The excluded regions are the source region and stars brighter than eighth magnitudes.

The high energy data in the energy range from 0.1-300 GeV were obtained from the Large
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Area Telescope on board Fermi satellite [Fermi-LAT, 4] which is a pair conversion W-ray telescope
orbiting in space since 2008 August. Data over a period of two months centered on the VERITAS
observations were used in this work. These data were analysed using Fermitools−1.2.23 and
Fermipy-0.17.4 [36]. For all four sources, the events were extracted from the region of interest
(ROI) of 15◦ centred around source position. To avoid the contamination of background W rays
from Earth’s limb, a zenith angle cut of 90◦ was applied. To select the good time interval a
filter of ‘(DATAQUAL>0)&&(LATCONFIG==1)’ was applied. The likelihood analysis [7, 23]
was performed, along with the galactic diffuse emission and the isotropic background models, and
post-launch instrument response function (P8R3_SOURCE_V2v1). The models used for these four
sources were as given in the 4FGL catalog [1] – a log parabola for GB6 J0043+3426, S3 0218+35
and PKS 0736+017, and a power law with exponential cut off for 3C 454.3.

Figure 3: 0.1-300 GeV Fermi-LAT light curves around VERITAS observations shown in black lines. The
shaded regions correspond to the period of time-averaged LAT SED, shown in 4. The test statistics of the
averaged flux over shaded regions are, ∼17, ∼25, ∼34, and ∼58, for GB6 J0043+3426, S3 0218+35, PKS
0736+017, and 3C 454.3, respectively.

4. Results

Results from the VERITAS analysis are shown in Table 2 and significance sky maps are shown
in Figure 2, for all four sources. It can be seen that none of these sources were detected during the
observations carried out in 2020-21 season. We compute the 95% flux upper limit (UL) assuming
a power law model with spectral index of -3.5. Since VERITAS’ operating energy range overlaps
the high end of the Fermi-LAT energy band, we also analysed the high energy Fermi-LAT data. To
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have Fermi-LAT SEDs as simultaneous as possible, we choose the periods around the VERITAS
observations such that test statistics (TS) over 0.1-300 GeV is & 25. These periods are shown in
Figure 3. All sources met the chosen criteria, except GB6 J0043+3426, for which data averaged
over the period of two months did not pass this TS thresholds.

Table 2: Analysis results for the season 2020-21

Source Observation Live time Significance Energy threshold Flux (above ECℎ)
period [MJD] [min] f ECℎ [GeV] 10−12 cm−2 s−1 (% Crab)

GB6 J0043+3426 59198-59201 ∼425 0.53 ∼170 <5.74 (∼1.6)
S3 0218+35 59217-59220 ∼438 -0.09 ∼170 <3.66 (∼1.0)
PKS 0736+017 59228-59232 ∼564 -0.92 ∼240 <0.97 (∼0.27)
3C 454.3 59167-59171 ∼367 -1.28 ∼180 <1.26 (∼0.35)

Figure 4: VERITAS upper limits at energy threshold and decorrelation energy.

Figure 4 shows the observed SEDs of the four sources, with the VERITAS 95% UL at the
energy threshold and decorrelation energy. The power law spectra from 10 GeV to 2 TeV are also
shown from the 3FHL catalog [2]. The spectral indices as given in the catalog are 2.22±0.48,
2.54±0.17, 2.74±0.43 and 3.44±0.13, for GB6 J0043+3426, S3 0218+35, PKS 0736+017, and 3C
454.3, respectively. There was no significant detection of W-ray from any of these four sources above
VERITAS energy threshold. However, the additional observations of these sources and remaining
sources from the sample in the next season will help in providing stringent constrains on energy
spectra above ∼200 GeV, where VERITAS has better point source sensitivity than the Fermi-LAT.
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