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ABSTRACT

The regular monitoring of flat-spectrum radio quasars (FSRQs) in γ -rays by Fermi-LAT (Large Area Telescope) since

past 12 yr indicated six sources who exhibited extreme γ -ray outbursts crossing daily flux of 10−5 photons cm−2 s−1.

We obtained nearly simultaneous multiwavelength data of these sources in radio to γ -ray waveband from OVRO (Owens

Valley Radio Observatory), Steward Observatory, SMARTS (Small and Moderate Aperture Research Telescope System), Swift-

UVOT (UV/Optical Telescope), Swift-XRT (X-ray Telescope), and Fermi-LAT. The time-averaged broad-band spectral energy

distributions (SEDs) of these sources in quiescent states were studied to get an idea about the underlying baseline radiation

processes. We modelled the SEDs using one-zone leptonic synchrotron and inverse Compton emission scenario from broken

power-law electron energy distribution inside a spherical plasma blob, relativistically moving down a conical jet. The model

takes into account inverse Compton scattering of externally and locally originated seed photons in the jet. The big blue bumps

visible in quiescent state SEDs helped to estimate the accretion disc luminosities and central black hole masses. We found a

correlation between the magnetic field inside the emission region and the ratio of emission region distance to disc luminosity,

which implies that the magnetic field decreases with an increase in emission region distance and decrease in disc luminosity,

suggesting a disc–jet connection. The high-energy index of the electron distribution was also found to be correlated with observed

γ -ray luminosity as γ -rays are produced by high-energy particles. In most cases, kinetic power carried by electrons can account

for jet radiation power as jets become radiatively inefficient during quiescent states.

Key words: radiation mechanisms: non-thermal – galaxies: active – galaxies: individual: 3C 273, 3C 279, 3C 454.3, CTA 102,

PKS 1510−089, PKS B1222+216 – galaxies: jets.

1 IN T RO D U C T I O N

Blazars form a subclass of active galactic nuclei (AGNs) whose

relativistic particle outflows (jets) are aligned close to our line

of sight (Urry & Padovani 1995). Blazars are characterized by

their significantly variable emission at all wavelengths across the

electromagnetic spectrum ranging from radio frequencies to very

high γ -ray energies. Blazars can be divided into two subclasses –

BL Lacertae like object (BL Lac) and flat-spectrum radio quasar

(FSRQ). BL Lacs have almost featureless optical-UV (ultraviolet)

spectra. Sometimes very weak narrow emission lines are present.

FSRQs show stronger broad emission lines in optical spectra. The

Fermi-Large Area Telescope (LAT) has detected 3137 blazars above

4σ significance in 50 MeV to 1 TeV energy range (4FGL catalogue),

out of which 22 BL Lacs and 43 FSRQs were identified in other

wavebands also (Abdollahi et al. 2020).

Blazars display flux variability on time-scales of the order of

minutes to years when observed at γ -ray energies by Fermi-LAT and

ground-based Cherenkov telescopes (Aleksić et al. 2011b; Shukla

⋆ E-mail: abhradeep.1996@gmail.com (AR); sonalpatel.982@gmail.com

(SRP)

et al. 2018). From light travel-time argument, short variability time-

scales imply radiation from compact emission regions. Blazars are

known for exhibiting occasional outbursts or flares. However, they

spend most of their lifetime in the quiescent state. Studying these

states allow us to probe the most common emission processes at

work, estimating baseline parameters that can be useful in studying

high flux activities. The direct thermal emission from accretion discs

of FSRQs in quiescent states are generally visible in optical-UV

waveband, but in other wavebands the jet emission dominates. Thus,

the study of quiescent states may help us to understand the underlying

disc–jet connection and jet-empowering mechanisms.

We selected the six FSRQs (CTA 102, 3C 273, 3C 279, 3C 454.3,

PKS 1510−089, and PKS B1222+216) from the Fermi-LAT moni-

tored source list, also studied in Meyer, Scargle & Blandford (2019),

which are known for exhibiting brightest γ -ray flares with average

daily fluxes over 10−5 cm−2 s−1 within 1σ statistical uncertainties

above 100 MeV (Meyer et al. 2019). Detailed multiwavelength

studies on brightest γ -ray flares of all these sources have been done by

various authors (CTA 102, Gasparyan et al. 2018; 3C 279, Bottacini

et al. 2016, Pittori et al. 2018, Larionov et al. 2020; 3C 273, Rani

et al. 2013, Esposito et al. 2015; 3C 454.3, Diltz & Böttcher 2016;

PKS 1510−089, Aleksić et al. 2014; PKS B1222+216, Ackermann

et al. 2014, Bhattacharya et al. 2020). Except 3C 273, for the other
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Table 1. Details of studied blazars and selected epochs for quiescent state study.

Name RA Dec. z Tstart Tstop Ldisc MBH

(deg) (deg) DD-MM-YYYY (MJD) DD-MM-YYYY (MJD) (1046 erg s−1) (108 M⊙)

CTA 102 338.158 11.728 1.037 04-09-2011 (55808) 18-10-2011 (55852) 4.5a 8.5b

3C 279 194.045 − 5.786 0.536 14-01-2010 (55210) 28-06-2010 (55375) 0.1c 7.9d

3C 273 187.266 2.051 0.158 22-06-2012 (56100) 11-08-2012 (56150) 4.8a 21–30e

3C 454.3 343.493 16.149 0.859 19-05-2011 (55700) 30-09-2012 (56200) 6.75f 40g

PKS 1510−089 228.210 − 9.106 0.361 08-02-2011 (55600) 19-05-2011 (55700) 0.5h 13g

PKS B1222+216 186.226 21.382 0.432 28-04-2015 (57140) 07-06-2015 (57180) 3.5i 6i

aGhisellini et al. (2010); bZamaninasab et al. (2014); cPaliya, Sahayanathan & Stalin (2015); dNilsson et al. (2009); ePaltani & Türler (2005);
fBonnoli et al. (2011); gGu, Cao & Jiang (2001); hNalewajko et al. (2012); iFarina et al. (2012)

five sources comparative study on quiescent states with flares have

been done (Hayashida et al. 2012; Zacharias et al. 2017; Acciari

et al. 2018; Boettcher & Baring 2019). In this work, we carried out a

detailed study on quiescent state spectral energy distributions (SEDs)

of these six brightest blazars.

Broad-band emission from blazars produces a typical double-

humped SED extended from radio to γ -ray with low energy peak

at infrared (IR) to X-ray and the high-energy peak at the γ -ray

band. The blazar SEDs are often explained using leptonic and

hadronic models which predict that the synchrotron emission from

electrons rotating in a magnetic field of the jet produces the low-

energy peak. It is generally assumed that radiation is emitted by

accelerated charged particles in plasma blobs moving down the jet

at relativistic speeds. In leptonic processes, the high-energy peak is

produced due to inverse Compton (IC) scattering of less energetic

seed photons by the relativistic electrons present in the jet. Seed

photons for IC scattering in leptonic model can be the synchrotron

photons themselves (Synchrotron Self-Compton) or photons entering

the emission region from accretion disc, broad-line region (BLR),

and dusty torus region (External Compton). The spectral shape

of the γ -rays generated by IC scattering is simply related to the

energy distribution of the scatterer particles if the Comtponization

lies in the Thomson regime depending on the energy of target

seed photons. For Comptonization in the Klein–Nishina regime, the

relation between γ -ray spectral shape and energy distribution of

scatterer becomes more complicated. So, γ -ray spectral shape can

act as an indicator of underlying particle acceleration mechanisms

in the jet (Singh, Meintjes & Ramamonjisoa 2020). Earlier studies

suggest that underlying particle acceleration processes in blazar jet

can be explained using various mechanisms like Fermi first-order

and second-order processes, magnetic reconnection, acceleration at

recollimation shocks, etc. (Joshi et al. 2012; Hervet, Boisson & Sol

2016; Asano & Hayashida 2020).

In past, various kinds of emission scenarios have been applied to

model the observed SEDs of these six sources in different states.

In many past works, the blazar SEDs have been described using

a hadronic model including photo-hadronic interactions and pair

production process (Aleksić et al. 2011a; Spanier & Weidinger

2012; Tchernin et al. 2013). In hadronic models, the high-energy

hump in SED is explained as synchrotron emission from massive

hadrons present in the jet, photo-hadronic interactions, pion decay,

e−/e+ pair production, and cascade emission. These hadronic models

require very high magnetic fields (∼100 G) and much harder

proton spectrum, which seems to be unnatural (Bottacini et al.

2016). Some studies invoked multiple emission regions in order

to get more satisfactory fit (Berger et al. 2011; Tavecchio et al.

2012; Boettcher & Baring 2019; Prince, Gupta & Nalewajko 2019).

Time-dependant leptonic and hadronic models were used by some

authors to calculate the radiating particle distribution solving the

Fokker–Planck equation considering various acceleration processes

and these models are helpful to understand the evolution of blazar

SED during significant flux variations (Zheng et al. 2013; Saito

et al. 2015; Asano & Hayashida 2018; Das, Prince & Gupta

2020).

A generalized continuous jet model was applied by Potter & Cotter

(2012, 2013a, b, c) to explain blazar jet emission in a quiescent state.

They have assumed a conical jet structure with a magnetic field

dominated parabolic base region where particles get accelerated as

suggested from VLBI image of M 87 jet. This model considers

emission from the entire jet and so it can reproduce the observed

radio emission when applied on different blazars’ data. High-energy

emission has been explained by IC scattering of seed photons coming

from cosmic microwave background and narrow-line region.

We used a leptonic one-zone synchrotron and IC emission model to

explain observed SEDs during quiescent source states. We imposed

a strict conical jet model to constrain the emission region distance

from the central black hole and found that the low γ -ray flux in the

quiescent state can be explained by radiation from softer distribution

of high-energy particles inside large emission regions placed at

distances estimated from a conical jet model. In Section 2 of this

paper, details of the instruments used and corresponding data analysis

procedures are briefly discussed. Details of the SED model used for

explaining observed data and the results obtained by modelling are

mentioned in Section 3. Our inferences on physical processes inside

the jet and correlations between different model parameters and

observables are discussed in Section 4. We listed the final conclusions

in Section 5.

2 O B S ERVAT IO NS AND DATA ANALYS IS

Some details of the selected sources and their quiescent epochs

(Tstart–Tstop) are listed in Table 1. Publicly available radio lightcurves

from Owens Valley Radio Observatory (OVRO), optical and IR data

from SPOL-CCD of Steward Observatory and Small and Moderate

Aperture Research Telescope System (SMARTS) were used in this

work. Optical-UV and X-ray data were obtained from UV/Optical

Telescope (UVOT) and X-ray Telescope (XRT) onboard Neil Gehrels

Swift observatory, respectively, and analysed. High energy γ -ray data

were taken from Fermi-LAT and analysed. In this section, analysis

procedures are discussed. Already published flux measurement data

of all six sources were obtained from the archive of the Space Science

Data Center (SSDC), a facility of the Italian Space Agency (ASI).1

1https://www.ssdc.asi.it/
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2.1 Radio Observations from OVRO

Except PKSB 1222+216, all other sources are regularly monitored

at 15 GHz by 40-m telescope of OVRO, which is a part of Fermi

monitoring programme. Details of calibration, observations, and data

reduction technique of OVRO is given in Richards et al. (2011). Each

source is observed twice a week with a minimum flux density of about

4 mJy and typical 3 per cent uncertainties. Average flux density of

each source within the epochs of our interest were computed in SED

unit from OVRO lightcurves. Lightcurves of 3C 279, 3C 273, and

3C 454.3 are publicly available on the OVRO website.2 CTA 102

and PKS 1510−089 lightcurves were kindly provided by OVRO

collaboration. Observations of 3C 454.3 at 22 GHz and 37 GHz

were obtained from 22-m radio telescope (Nesterov, Volvach &

Strepka 2000) of the Crimean Astrophysical Observatory (CrAO) and

14-m radio telescope (Teraesranta et al. 1998) of Aalto University

Metsähovi Radio Observatory, respectively.

2.2 Optical-NIR Obserations from SPOL-CCD of Steward

Observatory and SMARTS

SPOL-CCD imaging/Spectropolarimeter at Steward Observatory of

the University of Arizona is also a part of Fermi multiwavelength

support program and regularly monitors all the six blazars. Publicly

available optical V and R-band photometric, polarimetric data, and

spectra were obtained from SPOL archive.3 Details about these tele-

scopes, instrumentation, and data analysis procedures are discussed

in Smith et al. (2009). Except CTA 102 and PKS B1222+216,

observations of other sources within selected epochs in optical (B,

V, R) and near-infrared (J, K) wavebands were obtained from the

SMARTS archive.4 Details of SMARTS telescope design, detectors

and data analysis procedures are given in Bonning et al. (2012) and

Buxton et al. (2012). Observed optical-IR fluxes were corrected for

Galactic reddening and extinction using an online tool5 contributed

by IPAC at Caltech.

2.3 Optical-UV Observations from Swift-UVOT

Optical-UV and X-ray data collected by space telescopes on-

board Neil Gehrels Swift-mission were downloaded from NASA

HEASARC archive.6 Optical-UV data were obtained from Swift-

UVOT (Roming et al. 2005) that operates in imaging mode. It

consists of three UV filters UM2, UW1, UW2 and three optical

filters V, B, U. Swift-UVOT and XRT data were analysed using tools

bundled in HEASOFT (v6.26) package. Data from all observations

within our selected epochs were integrated using UVOTIMSUM tool.

A circular source region of radius 10 arcsec was selected around

the source position in the integrated images from each filter, and

background was extracted from a circular region of radius 50 arcsec

centred at the source-free region. Flux magnitudes were obtained

using UVOTSOURCE tool and then corrected for galactic extinction

of E(B–V) according to Schlegel, Finkbeiner & Davis (1998) for all

filters using a web tool.7 Then the corrected observed magnitudes

from all filters were converted into the fluxes in SED unit using

zero-point magnitudes (Poole et al. 2008).

2https://www.astro.caltech.edu/ovroblazars/
3http://james.as.arizona.edu/∼psmith/Fermi/
4http://www.astro.yale.edu/smarts/glast/home.php
5https://irsa.ipac.caltech.edu/applications/DUST/
6https://heasarc.gsfc.nasa.gov/docs/cgro/db-perl/W3Browse/w3browse.pl
7http://ned.ipac.caltech.edu/forms/calculator.html

2.4 X-Ray Observations from Swift-XRT

Swift-XRT (Burrows et al. 2005) is a grazing incidence telescope

that focuses soft X-rays in 0.3–8 keV energy range on CCD.

XRT data were processed with XRTDAS (v3.5.0) software available

within the HEASOFT package (v6.26). Data from all sources except

PKS 1510−089 were recorded in photon counting mode. PKS

1510−089 data were recorded in windowed timing mode. Event

files were cleaned and calibrated using XRTPIPELINE (v0.13.5) and

source spectra were obtained using XRTPRODUCTS (v0.4.2). Source

photons were extracted forming a circular region of 20 pixel-radius

centred at RA and Dec. of the corresponding source. Background

region was constructed as a circle having a radius of 40 pixels

beside and completely detached from the source region. All XRT

spectra within our time intervals of interest were combined using

ADDSPEC (v1.3.0) and then grouped to ensure a minimum of 20

counts in each energy bin using GRPPHA (v3.1.0). Standard auxiliary

response files and response matrices were used during spectral

fitting. Combined XRT spectra were fitted in XSPEC (v12.0.1f) using

power-law and log-parabola (whichever fits better) with the line-

of-sight absorption in interstellar gas in terms of neutral hydrogen

column density (Kalberla et al. 2005). The power-law model used is

given as

dN

dE
= kE−Ŵ, (1)

where Ŵ is the spectral index. The log-parabola model is given as

dN

dE
= k

(

E

Eb

)−α−β log(E/Eb)

, (2)

where α is the spectral index of at Eb. During fitting Eb was kept

fixed at 1 keV. β is curvature parameter.

2.5 γ -Ray Observations from Fermi-LAT

Fermi-LAT is a pair production space telescope (Atwood et al.

2009). LAT has field of view ∼2.3 Sr and it covers 30 MeV to

1 TeV energy range. Data were analysed using standard software

package FERMITOOLS-v1.2.1 provided by Fermi-LAT collaboration

and user-contributed ENRICO python script (Sanchez & Deil 2013).

Data were collected in the energy range 0.1–300 GeV from Fermi-

LAT data archive.8 A circular region of interest (ROI) having a radius

of 15◦ centred at the source was chosen for event reconstruction

from the events belonging to SOURCE class. Events having zenith

angle less than 95◦ were selected to get rid of γ -ray contribution

from the Earth’s albedo. Good time intervals were selected using

a filter “DATA QUAL>0 && LAT CONFIG==1”. The galactic

diffused emission component gll iem v07.fits and an isotropic back-

ground emission model iso P8R3 SOURCE V2 v1.txt were used

as background models. With an instrumental response function

P8R3 SOURCE V2, unbinned maximum likelihood analysis was

carried out to obtain source spectrum. All the sources lying within

ROI + 10◦ radius around the source according to fourth Fermi-

LAT catalogue (4FGL) were included in the XML file. All pa-

rameters except the scaling factors were allowed to vary during

the fitting process for sources within 5◦ from source position. The

source spectra were modelled using log-parabola as mentioned in

4FGL catalogue. The flux determination and spectral fitting were

carried out by the likelihood analysis method using GTLIKE tool.

Likelihood analysis was done iteratively by removing all sources

8https://fermi.gsfc.nasa.gov/ssc/data/access/
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Figure 1. Fermi-LAT weekly aperture photometry lightcurves of all sources. The selected quiescent state epochs are shown within vertical dashed blue lines.

having significances less than 1σ after each fitting process. The entire

energy range of each source was divided into few bins for obtaining

flux points in SED unit. For flux points having test statistics less

than 9 (i.e. <3σ significance), flux upperlimits were estimated at

95 per cent confidence level using profile likelihood method. Fermi

unfiltered aperture photometry lightcurves were obtained from their

website.9

3 R ESULTS

Fermi-LAT weekly aperture photometry lightcurves were used to

select quiescent states for all the sources (Fig. 1). The quiescent

states were selected such that there are a bunch of Swift-XRT

observations present during these epochs so that we can make nearly

simultaneous SEDs. It was also checked whether the sources were in

quiescent states in radio, optical-UV, X-ray and γ -ray wavebands

altogether. Average radio fluxes obtained from OVRO are listed

in Table 2. Average fluxes in optical-IR waveband obtained from

Steward Observatory and SMARTS are shown in Table 3. Results

of spectral analysis for combined UVOT and XRT observations

from all sources within selected epochs are listed in Tables 4 and

5, respectively. Spectral fit results of Fermi-LAT data are listed

in Table 6. We have made time-averaged broad-band SEDs of all

the six FSRQs during their quiescent states and modelled them

with one-zone leptonic scenario using numerical code JETSET-v1.1.2

provided by Andrea Tramacere (Massaro et al. 2006; Tramacere

et al. 2009; Tramacere, Massaro & Taylor 2011; Tramacere 2020).

9https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl lc

The model parameters for all sources were studied and compared

in detail.

3.1 The SED model

SEDs of the six FSRQs were fitted with leptonic one-zone syn-

chrotron and IC model. The IC process takes into account the

respective contributions from synchrotron photons generated inside

the jet (synchrotron self-Compton or SSC), external photon field

coming directly from the accretion disc, and reprocessed disc photon

field coming from BLR and dusty torus (external Compton or EC).

In this model, the source of broad-band emission is assumed to

be a spherical plasma blob of radius ‘R’ located at a distance ‘d’

from the central supermassive black hole of mass ‘MBH’. The blob

is moving relativistically down the jet with a bulk Lorentz factor

‘Ŵ’. Magnetic field (B) inside the blob is assumed to be same and

isotropic everywhere.

A non-thermal population of electrons having energy distribution

of broken power-law shape was considered.

n (γ ) =

{

kγ −p γ ≤ γbreak

kγ
(p1−p)
break γ −p1 γ > γbreak.

(3)

This electron population gets cooled by synchrotron emission due to

interaction with the magnetic field inside emission blob and generates

the low-energy hump in SED. The synchrotron photons get Compton

upscattered due to collision with the synchrotron emitting relativistic

electron population (SSC). Photons emitted by the accretion disc

can directly enter the emission region or can get reprocessed from

BLR and dusty torus and enter the emission blob and get Compton

upscattered (EC). Thus, SSC and EC process produces high-energy
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Table 2. 15 GHz average radio fluxes calculated from OVRO lightcurves.

Source CTA 102 3C 279 3C 273 3C 454.3 PKS 1510−089 PKS B1222+216

flux (Jy) 2.67 ± 0.05 11.5 ± 0.2 28.9 ± 0.3 11.3 ± 0.2 1.96 ± 0.04 –

Table 3. Reddening corrected average SPOL-CCD (R, V-filter) and SMARTS (K, J, R, V, B-filter) fluxes in SED unit.

Source / Filters → Unit K J R V B R V

↓ (erg cm−2 s−1) (SPOL) (SPOL)

CTA 102 10−12 – – – – – 3.33 ± 0.04 3.52 ± 0.02

3C 279 10−12 7.345 ± 0.005 3.647 ± 0.003 2.286 ± 0.002 1.983 ± 0.002 1.601 ± 0.003 1.924 ± 0.002 1.853 ± 0.002

3C 273 10−10 1.255 ± 0.001 0.974 ± 0.001 1.276 ± 0.001 1.766 ± 0.001 1.987 ± 0.001 1.33 ± 0.02 1.61 ± 0.03

3C 454.3 10−12 3.5 ± 0.4 5.3 ± 0.2 5.9 ± 0.2 7.3 ± 0.1 6.7 ± 0.1 6.049 ± 0.007 6.78 ± 0.01

PKS 1510−089 10−12 6.40 ± 0.02 4.64 ± 0.01 5.03 ± 0.01 5.21 ± 0.01 5.86 ± 0.01 4.32 ± 0.01 4.79 ± 0.02

PKS B1222 + 216 10−11 – – – – – 1.25 ± 0.06 1.5 ± 0.1

Note. All the SPOL-CCD and SMARTS observations within the selected epochs were averaged and corrected for reddening to obtain the fluxes mentioned

above.

Table 4. Summary of the Swift-UVOT data analysis. The fluxes of six UVOT filters are reported. Same observation IDs listed here were used

for both UVOT and XRT analysis.

Source / Filters → V B U W1 M2 W2

↓ Unit

CTA 102 10−12 erg cm−2 s−1 4.1 ± 0.1 4.03 ± 0.09 5.09 ± 0.08 5.8 ± 0.1 6.6 ± 0.1 5.10 ± 0.09

3C 279 10−12 erg cm−2 s−1 2.1 ± 0.1 1.86 ± 0.07 1.38 ± 0.04 1.17 ± 0.03 1.21 ± 0.04 1.11 ± 0.03

3C 273 10−10 erg cm−2 s−1 1.71 ± 0.04 1.98 ± 0.06 – 3.0 ± 0.1 3.5 ± 0.1 3.5 ± 0.1

3C 454.3 10−12 erg cm−2 s−1 9.2 ± 0.5 8.4 ± 0.3 9.3 ± 0.3 8.8 ± 0.3 9.9 ± 0.4 7.7 ± 0.2

PKS 1510−089 10−12 erg cm−2 s−1 6.2 ± 0.5 7.0 ± 0.3 7.5 ± 0.3 5.8 ± 0.3 7.1 ± 0.3 6.7 ± 0.2

PKS B1222 + 216 10−11 erg cm−2 s−1 – – – – – 2.46 ± 0.04

Notes. Swift observation IDs used are listed below as range of starting observation ID to last observation ID within selected epochs.

CTA 102: (00091094001–00091094018); 3C 279: (00035019021–00035019037);

3C 273: (00035017114–00035017120); 3C 454.3: (00035030204–00035030224);

PKS 1510−089: (00031173064–00031173071); PKS B1222+216: (00092193001–00092193007).

Table 5. Results from spectral fit of Swift-XRT data. For each of the flux states power-law index (Ŵ), log parabola index (α), curvature parameter

(β), normalization factor of differential spectrum(k), observed flux in 0.3 to 8.0 keV band (F0.3–8 keV) and reduced chi square values (χ2
r ) are reported.

Source nH model Ŵ α β k F0.3–8 keV χ2
r

(1020 cm−2) (ph cm−2 s−1 keV−1) (erg cm−2 s−1)

CTA 102 4.81 log parabola – 1.03 ± 0.05 0.28 ± 0.08 (4.05 ± 0.09)× 10−4 3.81 × 10−12 1.12

3C 279 2.24 log parabola – 1.47 ± 0.03 0.27 ± 0.07 (1.70 ± 0.03)× 10−3 1.07 × 10−11 1.05

3C 273 1.69 power law 1.44 ± 0.01 – – (8.56 ± 0.06)× 10−3 6.60 × 10−11 1.24

3C 454.3 6.78 power law 1.36 ± 0.05 – – (6.1 ± 0.3)× 10−4 5.18 × 10−12 0.98

PKS 1510−089 7.13 power law 1.41 ± 0.04 – – (8.6 ± 0.3)× 10−4 6.85 × 10−12 1.07

PKS B1222+216 1.72 power law 1.49 ± 0.07 – – (4.2 ± 0.2)× 10−4 3.11 × 10−12 1.52

Table 6. Results from spectral fit of Fermi-LAT data. For all sources, the normalization parameter (N0), spectral index (α),

curvature parameter of the spectrum (β), integrated flux in 0.1–300 GeV (F0.1–300 GeV), and test statistic value of unbinned

likelihood analysis (TS) are listed.

Source N0 α β F0.1–300 GeV TS

(10−10 ph cm−2 s−1 MeV−1) (10−7 ph cm2 s−1)

CTA 102 1.0 ± 0.1 2.5 ± 0.1 0.10 ± 0.08 2.1 ± 0.2 305.4

3C 279 0.84 ± 0.05 2.46 ± 0.05 0.11 ± 0.04 2.0 ± 0.1 1109.89

3C 273 2.0 ± 0.3 2.9 ± 0.2 0.2 ± 0.2 1.9 ± 0.2 158.73

3C 454.3 0.26 ± 0.01 2.54 ± 0.05 0.08 ± 0.04 0.99 ± 0.05 1091.34

PKS 1510−089 0.500 ± 0.007 2.41 ± 0.01 0.031 ± 0.006 4.17 ± 0.09 1909.65

PKS B1222+216 0.59 ± 0.07 2.6 ± 0.1 0 1.3 ± 0.2 143.16
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hump in the SED. As the emission blob moves down the jet, the

radiation gets Doppler boosted in observer’s frame by a factor δ along

our line of sight given as, δ = [Ŵ(1 − βcosθ )]−1, where Ŵ is the bulk

Lorentz factor of the emission blob and θ is the angle between the

jet axis and our line of sight. These values for all sources were taken

from literature. The radius of the emission region was constrained

using the light travel-time argument as

R ≤
cδtvar

2 (1 + z)
, (4)

where tvar is the variability time-scale. Distance of the emission

region from the central engine, ‘d’, was constrained using conical jet

model so that the emission blob fills the entire jet cross-section.

Using accretion disc luminosity ‘Ld’, BLR distance (RBLR), and

dusty torus distance (RDT) from central engine were calculated

by applying scaling relations derived from reverberation mapping

technique (Ghisellini et al. 2010).

RBLR = 1017 × (Ld/1045)1/2 (5)

RDT = 2.5 × 1018 × (Ld/1045)1/2. (6)

Assuming that BLR is a thin spherical shell of ionized gases, the

inner and outer radii of BLR were selected around RBLR such that,

RBLR = (Rin
BLR + Rout

BLR)/2 and (Rout
BLR−Rin

BLR) = 2 × 1016 cm. The

temperature of the dusty torus was kept at typical 1000 K for all

sources. Multitemperature blackbody type accretion disc model was

used where the temperature of a portion on the disc depends on its

distance from the core as

T 4 (r) =
3RSLd

16ǫπσSBr3

(

1 −

√

3RS

r

)

, (7)

where ǫ is the accretion efficiency which was set to 0.08 and σ SB

is the Stefan–Boltzmann constant. The accretion disc was assumed

to be extended from 3RS distance from central engine to a radius of

500RS. τBLR and τDT represent the fraction of accretion disc emission

intercepted and reprocessed by BLR and dusty torus, respectively.

Photon fields from BLR and dusty torus get Doppler boosted by

a factor ∼Ŵ2 in the blob-comoving frame till the blob is inside

BLR and torus. This model first calculates the energy densities

and luminosities in the blob comoving frame. Then, luminosities

are converted into flux in observer frame by calculating luminosity

distance (DL) from the given redshift using cosmological model with


� = 0.685, 
M = 0.315, and Hubble’s constant H0 = 67.3 km s−1

Mpc−1 (Planck Collaboration XVI 2014).

3.2 SED modelling approach

(i) Radio data do not constrain the emission model. Radio flux

point did not get fitted by synchrotron radiation component because

this model takes into account self-absorption of synchrotron emission

at low frequencies below ∼1012 Hz by synchrotron emitting electrons

in the compact emission region (synchrotron self-absorption). This

implies that other extended regions in the jet significantly contribute

to radio emission where cross-section for synchrotron self-absorption

process is less.

(ii) Optical-UV flux points form a small bump in the SED of most

FSRQs. This bump is interpreted as direct thermal emission from

the accretion disc. Varying disc luminosity (Ld) and MBH within

10 per cent around the values quoted in literature (see Table 1), the

height and peak position of the thermal radiation component can be

fitted. Good UVOT observations are required for this process.

(iii) Available data do not give enough coverage to infer peak

frequencies of synchrotron and IC radiation component. Due to

the lack of simultaneous mm-IR observations, it is not possible to

constrain synchrotron peak position.

(iv) The high-energy slope of the electron energy distribution (p1)

was constrained using the slope of Fermi-LAT flux points. Value

of p1 greater than 3 implies that the peak of the synchrotron and

IC radiation is produced by the electrons at the break of their

energy distribution (i.e. γ peak = γ break). Sometimes, for low γ peak

values, the synchrotron peaks are produced below the self-absorption

frequencies. In these cases, self-absorption frequencies become peak

synchrotron frequencies.

(v) The jet viewing angle (θ ) and bulk Lorentz factor (Ŵ) were

quoted from literature.

(vi) The magnetic field (B) and electron density (Ne) were con-

strained by fitting the synchrotron component to the IR observations

from SMARTS. But in the absence of IR data in some cases,

low-energy end of the X-ray spectrum is fitted with significant

contribution from SSC component (e.g. CTA 102, PKS 1510−089)

which help to constrain magnetic field. For blazars having low disc

luminosities (e.g. 3C 279), synchrotron emission dominates over

thermal disc emission in the optical-UV region and thus B and Ne can

be constrained. Sometimes, even when a big blue bump is visible, the

shape of the optical-UV spectrum ensures some contribution from

synchrotron emission along with thermal disc emission (e.g. CTA

102, 3C 454.3, PKS B1222+216).

(vii) Other parameters like p, γ min, and γ max were varied within

feasible values to fit the SEDs by eye estimation due to sparse data

sampling.

3.3 SED fit results

SEDs of six sources fitted with a one-zone leptonic model are shown

in Fig. 2 and the sets of fit parameters are listed in Table 7. The trends

shown by the archived data helped to model the SEDs. When all

UVOT filters were not available, the underlying trend of archived data

helped us to decide whether optical-UV were forming a part of the

disc thermal emission bump. These trends also helped in modelling

the height and shape of the synchrotron peak. In some earlier studies

of FSRQs, the X-ray spectra were fitted by SSC component and γ -

ray spectra were fitted with EC component (Hayashida et al. 2012;

Pacciani et al. 2014; Paliya et al. 2015; Yan, Zhang & Zhang 2015;

Sahakyan 2020). Though hard X-ray data were not available in our

case, the underlying trends in archived data implied that soft X-

ray and γ -ray spectra form the rising and decaying part of a single

broad EC component. For this purpose, the γ min values were kept

low (within 1–10). Except for 3C 279 and PKS B1222+216, the

single broad EC components could not describe the low-energy ends

of the soft X-ray spectra. The contributions from EC emissions of

Doppler de-boosted disc radiation (ECdisc) were required in 3C 273

and 3C 454.3 SED, and SSC contribution was required in CTA 102

and PKS 1510−089 SED. Synchrotron emission flux from 3C 273

is the highest and that of 3C 454.3 is the lowest. PKS B1222+216

has the lowest EC flux and 3C 273 has the highest.

Derived black hole masses (MBH) were found to be in the range

(7–40) × 108 M⊙ and Disc luminosities were found to be in the range

(1–68) × 1045 erg s−1 for our selected sources. All these values are

consistent with values mentioned in literature. In the case of 3C 279,

the optical-UV data did not indicate a dominance of disc thermal

emission over synchrotron radiation. So, in this case, Ld and MBH

values were quoted from literature. Derived disc luminosities are in

between 1 and 48 per cent of the Eddington luminosity (LEdd).
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Quiescent states of brightest blazars 1109

Figure 2. Fitted SEDs of the six brightest blazars in quiescent state. Black points represent analysed flux measurements within the selected epochs and pink

points represent archived data from earlier studies. Yellow, blue, orange, cyan, black, green, and magenta dashed lines indicate synchrotron, disc thermal,

dusty-torus thermal, SSC, ECBLR, ECDT, and ECDisc emission component, respectively. The solid red line represents total broad-band emission.

For four out of six sources, IC emission was found to be dominated

by ECBLR component, though the emission region is inside BLR in

only two sources (3C 273 and 3C 454.3). τBLR values were found to

be 10 per cent (except 15 per cent for CTA 102) and τDT values are

10 per cent (except 38 per cent for 3C 279).

Magnetic fields were found in range (0.6–12) G. Electron densities

of (103–104) cm−3 in the emission region indicate the presence of

very powerful jets in FSRQs. Low-energy slopes of the particle

distribution (p) were found to be greater than 2 for four sources

except CTA 102 and 3C 454.3. Values of p1 were found to be greater

than 3 and break energies were found in the range (30–500).

3.4 Power estimation

Relativistic jet contains power in form of radiation (Prad), electrons

(Pe), protons (Pp), and magnetic field (PB). Powers are estimated

mainly using

Pi ≃ πR2Ŵ2βcUi, (8)

where Ui is the energy density of the ith power carrying component in

the comoving frame. Thus, power carried by the relativistic electron

population is given as

Pe ≃ πR2Ŵ2β〈γ 〉Nemec
3, (9)

and power carried by ‘cold’ protons (as they are massive they do not

get accelerated enough to move relativistically) are estimated as

Pp ≃ πR2Ŵ2βNpmpc
3, (10)

where 〈γ 〉 is the average Lorentz factor of relativistic electrons, me

and mp are rest masses of electron and proton, respectively, Ne and

Np are electron and proton density, respectively, inside the emission

blob. Ne goes as input parameter in the model. We assumed presence

of one proton per 10 electrons inside blob (Ghisellini et al. 2014) to

calculate Pp. The power carried by magnetic field as Poynting flux

is given as

PB ≃
1

8
R2Ŵ2βcB2. (11)

Total jet power (Pjet) is the sum of powers carried by electrons,

protons, and magnetic field. Power radiated by the jet (Prad) can be

restated using radiation energy density in comoving frame (Ur =

L
′

/(4πR2c)) as,

Prad = L′ Ŵ
2

4
= L

Ŵ2

4δ4
, (12)

where L
′

is the total non-thermal radiation luminosity in comoving

frame and L is the total luminosity in observer’s frame. Four out of

six FSRQs have jet powers in quiescent state greater than or almost

equal to disc luminosities, which indicates that FSRQs have very

powerful jets (Fig. 3). Calculated powers are listed in Table 8. Total
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Table 7. The input parameters of the model used to reproduce the observed SEDs.

Sr. Parameters CTA 102 3C 279 3C 273 3C 454.3 PKS PKS

No. 1510−089 1222+216

1. R (1016 cm) 4.9 6.0 2.6 1.3 2.0 6.0

2. θ (degree) 3.7a 2.4a 3.0b 1.3a 2.2∗ 2.5d

3. Ŵ 15.5a 20.9a 9.0 b 19.9a 20.0c 23.0∗

4. δ 15.5∗ 23.67∗ 14.7∗ 33.0∗ 25.0c 23.0d

5. d (1017 cm) 7.5 15.0 2.0 2.5 4.0 14.0

6. B (G) 2.3 0.9 12.0 8.0 0.6 1.35

7. γ min 1 1.1 1.7 1.4 3 1

8. γ max 4000 4500 1200 5000 15 000 15 000

9. γ break 72 340 140 25 350 480

10. Ne (cm−3) 4200 3000 5000 3000 10 000 1550

11. p 1.9 2.3 2.75 2.0 2.3 2.3

12. p1 3.3 4.0 4.2 3.54 3.8 4.2

Parameters external to the jet

13. Ld (1046 erg s−1) 5.0 0.1 4.8 6.75 0.5 3.6

14. MBH (M⊙) 8.5E + 8 7.9E + 8 3.0E + 9 4.0E + 9 1.3E + 9 6E + 8

15. Rin
BLR (1017 cm) 7.0 0.9 6.9 8.0 2.1 5.9

16. Rout
BLR (1017 cm) 7.2 1.1 7.1 8.2 2.3 6.1

17. τBLR 0.15 0.1 0.1 0.1 0.1 0.1

18. TDT (K) 1000 1000 1000 1000 1000 1000

29. RDT(1018 cm) 16.7 2.5 17.3 20.5 5.6 15

20. τDT 0.1 0.39 0.1 0.1 0.1 0.1

aHovatta et al. (2009); bPaliya et al. (2017); cAcciari et al. (2018); dKushwaha, Singh & Sahayanathan (2014); ∗Computed

using, δ = [Ŵ(1 − βcosθ )]−1

Figure 3. Disc luminosity versus jet power plot.

jet powers of all sources were found to be less than the Eddington

luminosities.

3.5 Estimation of mass outflow rate

Mass accretion rate can be estimated from disc luminosity as

Ṁaccr =
Ld

ǫc2
, (13)

Mass outflow rate can be estimated as

Ṁout =
Pjet

Ŵc2
. (14)

Except 3C 279, all other sources require more than 1 M⊙ yr−1 mass

accretion rate. But the mass outflow rate is ∼0.003–0.3 times of

accretion rate. This can be understood as ǫ/Ŵ < <1 and Pjet and Ld

have same orders of magnitude.

3.6 Comparison with earlier studies

In this subsection, the obtained results are compared with different

results published earlier. For reference see Tables 6, 7, and 8.

(i) CTA 102: Gasparyan et al. (2018) studied the extreme outburst

of 2016–17 and also the pre-flare low state. The low state and flaring

states’ Fermi-LAT spectral indices are mentioned to be 2.39 and

2.01–1.81, respectively. They reported Pe ∼ 1045 erg s−1 and PB

∼ 1046 erg s−1 in the low state, and Pe ∼ (1045–1047) erg s−1 and

PB ∼ (1042–1039) erg s−1 in the flaring states. In our quiescent

state analysis, we obtained steeper Fermi-LAT spectral index (2.5),

lower Pe (∼1044 erg s−1) and similar PB (∼1046 erg s−1) values as

expected.

(ii) 3C 279: Comparative study of low state, flares and post-flare

state SED has been carried out by Pittori et al. (2018). The Fermi-

LAT spectral indices during two low states and two flares are (1.62,

1.77) and (1.53, 1.47), respectively. We obtained a steeper Fermi

index of 2.46. Pittori et al. (2018) reported Pe ∼ 1044 erg s−1, PB ∼

1044 erg s−1 and Pp ∼ 1046 across all states, and Prad ∼ 1044, 1046

erg s−1 during low and high states, respectively. We obtained higher

Pe and PB (∼1045 erg s−1), similar Pp but lower Prad (∼1044 erg s−1)

in quiescent state.

(iii) 3C 273: Rani et al. (2013) did a comparative study of Fermi-

LAT spectrum during a low state and five different flare states. They

reported spectral index of 2.86 during low state and 2.5–2.8 during

the flare states. Broad-band SED analysis of quiescent state is not yet

done for this source. We got similar index of 2.9 during the selected

quiescent state.

(iv) 3C 454.3: Diltz & Böttcher (2016) did broad-band SED

modelling of an average state using data from Abdo et al. (2010)

and reported Pe = 6.1 × 1045 and PB = 1.18 × 1045 erg s−1, which

are greater and less than values obtained by us, respectively.
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Table 8. Energy densities, powers, and mass accretion rates calculated from the parameters of SED modelling.

Sr. Parameters CTA 102 3C 279 3C 273 3C 454.3 PKS PKS

No. 1510−089 1222+216

1. Ue (erg/cc) 1.46e-02 9.92e-03 1.58e-02 1.26e-02 8.52e-02 4.75e-03

2. UB (erg/cc) 4.07e-01 3.22e-02 5.73 2.55 1.43e-02 7.25e-02

3. η (Ue/UB) 0.036 0.308 0.003 0.005 5.958 0.065

4. Prad (erg s−1) 3.32e + 45 2.70e + 44 7.63e + 43 1.42e + 44 8.65e + 43 1.28e + 44

5. Pkin (erg s−1) 4.74e + 46 7.30e + 46 3.35e + 46 1.61e + 46 2.41e + 46 5.56e + 46

6. Pe (erg s−1) 7.92e + 44 1.47e + 45 8.17e + 43 7.92e + 43 1.28e + 45 8.53e + 44

7. Pp (erg s−1) 2.45e + 46 6.68e + 46 3.88e + 45 2.84e + 45 2.26e + 46 4.18e + 46

8. PB (erg s−1) 2.21e + 46 1.30e + 46 2.95e + 46 1.61e + 46 2.15e + 44 8.74e + 44

9. Pjet (erg s−1) 4.74e + 46 5.63e + 46 3.35e + 46 1.90e + 46 2.41e + 46 5.03e + 46

10. LEdd (erg s−1) 1.07e + 47 9.95e + 46 3.78e + 47 5.04e + 47 1.64e + 47 7.56e + 46

11. Ld/LEdd 0.47 0.01 0.13 0.13 0.03 0.48

12. Ṁaccr (M⊙ yr−1) 10.95 0.22 10.51 14.78 1.10 7.88

13. Ṁout (M⊙ yr−1) 0.028 0.056 0.007 0.003 0.020 0.032

14. Ṁout/Ṁaccr 0.003 0.256 0.001 0.0002 0.018 0.004

15. Ṁaccr/ṀEdd 5.84 0.13 1.59 1.67 0.38 5.95

(v) PKS 1510−089: Acciari et al. (2018) did exclusive study of

low-state broad-band SED with MAGIC observations and reported

spectral index of 2.56. Whereas we obtained spectral index of 2.41.

They did not mention resulting powers carried by jet. So, we used

their SED models to calculate jet powers for comparison purpose

and obtained Pe, PB, and Prad of the order of 1045, 1044, and 1044

erg s−1, respectively, which support our results.

(vi) PKS B1222+216: Bhattacharya et al. (2020) carried out

detailed comparison between flaring and quiescent states and re-

ported Fermi spectral indices of 2.5 during quiescence and 1.7–2.3

during flares, which is comparable to spectral index obtained in this

work (2.6). They also did not mention resulting jet powers from

SED modellings. Kushwaha et al. (2014) reported total jet power of

2 × 1046 erg s−1 during the brightest flare, which is less than what

we obtained.

Thus, during quiescent states we get steeper Fermi-LAT spectra

as compared to flare states. Calculated jet power budgets during

quiescent state in this work are comparable to the values mentioned

in literature. However, there is no clear trend of variation of Pe and PB

with change in flux. Their changes depend on the type of the process

used to describe the flux variation (e.g. propagation of shock-front,

geometric effects, magnetic reconnection, etc.).

4 D ISCUSSION

(i) Black hole mass and disc luminosity: It is worth noticing that

in a quiescent state, thermal emission from accretion disc dominates

over synchrotron radiation in the optical-UV band for all sources

(except 3C 279). The trend shown by archival data underlying the

actual analysed data in the optical-UV band indicates the presence

of a big blue bump (BBB) that has a thermal origin. Thus, fitting

the optical-UV band using thermal emission from multitemperature

blackbody type accretion disc helps to estimate disc luminosity

and the central supermassive black hole mass. According to blazar

sequence, generally synchrotron emission in FSRQs peak in the

IR band and contribute less in the optical-UV band. Thus, thermal

emission from disc becomes visible in the form of BBB in SEDs.

As the selected FSRQs are the brightest γ -ray emitters, they contain

black holes with very large masses (� 8 × 108 M⊙) as expected.

They also have very high mass accretion rate of (0.1–6) in Eddington

units (>1 M⊙ yr−1).

(ii) Emission region size: The results listed in the previous section

lead to the discussion on how the study of quiescent states of FSRQs

is important. Though FSRQs are known for showing highly variable

emission in all wavebands and occasional outbursts, they remain

mostly in quiescent state during their lifetime. Previous studies on

FSRQ flares have reported significant fast variability time-scales of

less than a day. Even time-scales of the order of minutes have been

reported in γ -ray waveband (Aleksić et al. 2011b; Nalewajko et al.

2012; Ackermann et al. 2016; Shukla et al. 2018). However, from the

Fermi-lightcurves (Fig. 1) it can be seen that FSRQs show lower flux

variability during quiescent states. The emission region sizes (R) of

the order of 1016 cm used for modelling quiescent SEDs (Table 7)

correspond to variability time-scales of 1 to 5 d, which is larger than

minute-hour variability time-scales observed for these sources during

flares. As expected, this implies slower variability in quiescence for

all sources that corresponds to larger emission regions according to

light travel-time argument.

(iii) Emission mechanisms: According to conical jet model, larger

emission regions were to be placed at larger distances from the

central engines. Thus, emission regions for CTA 102, 3C 279,

PKS 1510−089, and PKS B1222+216 were found to be outside

BLR. Emission regions for 3C 273 and 3C 454.3 were found to be

inside BLR. When d < RBLR, seed photon contribution from BLR is

maximum. High-energy γ -ray data are then fitted by dominant ECBLR

component with negligible contribution from ECDT component.

When the emission region is placed outside BLR, ECDT component

becomes important in describing γ -ray emission. In case of CTA

102 and PKS 1510−089, the emission regions were close to the

outer edge of the BLR and far away from the dusty torus. That

is why, despite being Doppler de-boosted in blob rest frame, the

EC components from BLR photon field (ECBLR) dominate over EC

component from torus photon field (ECDT). In PKS B1222+216

and 3C 279, the emission regions are further away from BLR that

indicate the dominance of ECDT over ECBLR as non-thermal high-

energy emission process. τBLR values for all sources were kept at

10 per cent except for CTA 102 (τBLR = 15 per cent), which is quite

reasonable. A bit higher τDT value was required for 3C 279 to fit the

SED. As dusty torus is a huge doughnut-shaped cloud surrounding

the AGN and in 3C 279 it is quite close to the central engine due

to less radiation pressure generated by low disc luminosity, we may

assume that it covers larger solid angle to intercept a higher fraction

of disc luminosity. Having the emission region placed outside BLR
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Figure 4. Dependence of break energy on difference of emission region

distance and BLR distance.

Figure 5. Dependence of magnetic field (B) in jet on central black hole mass

(MBH).

imply reduced photon field inside the emission region that makes the

cooling process weaker. Thus, it is expected to have higher break

energy in electron distribution where the difference between d and

RBLR is higher, i.e. the cooling process is weaker. Fig. 4 shows that

CTA 102, PKS 1510−089, PKS B1222+216, and 3C 279 follow

this trend. Due to high variability in flare states, the emission region,

being smaller in size, generally placed inside BLR. Thus, Doppler-

boosted high ECBLR component is produced that can explain bright

γ -ray flux.

(iv) Magnetic fields: According to Ghisellini et al. (2010), mag-

netic field in FSRQ jet is (1–10) G on an average. But we found

that in quiescent state, two sources (3C 279 and PKS 1510−089)

have magnetic fields less than 1 G. From Fig. 5, it seems that

FSRQs containing more massive black holes have a higher magnetic

field in the jet. But, this does not tell the whole picture. As the

source of the magnetic field is the mass accretion process, we can

expect a correlation between disc luminosity and magnetic field. The

magnetic field inside the emission region should decrease with an

increase in emission region distance from the central engine. Thus,

all these effects together can explain the nice correlation (Pearson

Correlation = −0.83) between ‘B’ and ‘log10(d/(RS∗Ld))’ shown in

Fig. 6 as, B = (−133 ± 38) − (3.2 ± 0.9) log10(d/(RS∗Ld)).

(v) Particle energy distribution: FSRQs have very powerful jets

containing a highly dense population of charged particles. So, these

particles get cooled very efficiently due to collision with each other.

Because of this short cooling time-scale, injected particle distribution

cannot get accelerated up to very high energy and cools down rapidly

before escaping the emission region. So, γ min value for all sources

were kept less than 10. Use of low γ min value yields very wide

ECBLR or ECDT component that can simultaneously describe both

Figure 6. Dependence of magnetic field on distance of emission region (d),

black hole mass (MBH), and disc luminosity (Ld) fitted with bootstrapped

linear regression. Blue lines are bootstrapped regression lines and the black

dotted line is the average of them.

Figure 7. Dependence of intrinsic γ -luminosity (0.1–300 GeV) on high

energy slope of particle energy distribution (p1) fitted with bootstrapped

linear regression. Blue lines are bootstrapped regression lines and the black

dotted line is the average of them.

X-ray and γ -ray data in flare state (Aleksić et al. 2011a). But, in

quiescent state SEDs, a significant contribution of SSC or ECdisc

component is required depending on the distance of emission region

from the central engine to fit low-energy X-ray data along with ECBLR

or ECDT. Electron densities (Ne) found are quite high (∼103–104

cm−3) that imply powerful jets. We used electron energy distribution

of broken power-law shape. This kind of particle distribution can

be produced by underlying Fermi first and second-order particle

acceleration processes (Lewis, Finke & Becker 2019). The slopes

of both synchrotron and EC component above peak frequencies are

dependent on the high-energy index of particle energy distribution

(p1). For all sources, ‘p1’ value was found to be more than 3, which

implies that electrons having energy around the break in energy

distribution radiate the maximum amount of energy. Higher p1 value

implies less number of radiating electrons at higher energies which

in turn result in lower γ -ray luminosity. As expected, the γ -ray

luminosity observed by Fermi-LAT was found to be decreasing

(Pearson Correlation = −0.85) with p1 as, p1 = (24 ± 4) −

(0.4 ± 0.1)log10Lγ (Fig. 7). We found γ max values of the order of

∼(103–104). To describe flare SEDs, higher γ max and γ break values

and harder particle spectrum are required (Pacciani et al. 2014;

Bottacini et al. 2016; Ahnen et al. 2017).

(vi) Power budget: Radiated power of only two sources (CTA

102 and 3C 454.3) are higher than the powers carried by electrons.

Considering one proton per 10 electrons, kinetic power carried by

protons (Pp) is found to be much higher than Pe in all sources.
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Even in quiescent states, Poynting flux carries a significant amount

of power (PB � Pe). Thus, even though power carried by electrons

is not always sufficient to account for the observed radiation power,

proton kinetic power and Poynting flux power are always individually

sufficient in a quiescent state. Ghisellini et al. (2010) reported that, for

FSRQs in average state Prad is greater than Pe. But, in the quiescent

state, we can see that most of the brightest FSRQs have sufficient

kinetic power carried by electrons to account for observed radiation.

Jets can be powered by mass accretion process and the black hole

spin. To explain the Pjet ≥ Ld scenario, Jolley et al. (2009) proposed

that a large fraction of accretion power is spent to power the jet and

a smaller fraction (ǫ ∼ 0.08) produces disc luminosity. Ghisellini

et al. (2010) mentioned that we can have Pjet ≥ Ld if there is an

efficient way to extract energy from the spinning central black hole.

According to the Blandford–Znajek (BZ) mechanism of extracting

the energy of a spinning black hole (Blandford & Znajek 1977), Pjet

is proportional to Ld where the value of proportionality constant can

be greater than unity.

(vii) Application: FSRQs mostly remain in a state of low activity

during their lifetime. So, the quiescent state SED models represent

the underlying consistent emission process in the FSRQs. The high-

activity states can be considered as perturbations of some physical

parameters in the jet environment or emergence of any additional

emission region. Thus, for modelling brighter and more variable

states of the FSRQs selected in this work, emission from a smaller

region should be added to the quiescent state SED model while fitting

the SED data points. Moreover, time-dependant leptonic models can

be used to describe the evolution of flares from the quiescent state

(Diltz & Böttcher 2014). The quiescent SED model parameters can be

used as the starting point of the time-evolution process. The observed

cross-band correlations and associated time-lags can be explained as

perturbations of some of those initial parameters.

5 C O N C L U S I O N

After extensive study of quiescent state SEDs of six brightest FSRQ

detected by Fermi-LAT, we have arrived at the following conclusions.

(i) For most of the FSRQs in quiescence, low synchrotron emis-

sion is dominated by thermal emission from accretion disc in optical-

UV waveband. Thus, disc luminosity and black hole mass can be

estimated using Swift-UVOT data. Estimated black hole masses and

disc luminosities are consistent with values mentioned in literature

(Tables 1 and 7).

(ii) Slow variability of > 1-d time-scale in the quiescent state

indicates a large emission region size.

(iii) Following conical jet structure and assuming that the emission

regions fill the whole jet cross-section, the large emission regions

were found to be mostly outside BLR. Thus, low γ -ray flux in

quiescent state can be described by Doppler-de-boosted (in blob

rest frame) weak ECBLR component and Doppler-boosted (in blob

rest frame) weak ECDT component (as RDT ≃ 25RBLR) depending on

emission region distance from BLR.

(iv) In most of the quiescent FSRQ SED models, a small bump

is clearly visible in the IR waveband due to the contribution of

thermal emission from dusty torus. If nearly simultaneous mm-IR

observations were available, it would have been possible to constrain

torus temperature and the fraction of disc luminosity intercepted by

the dusty torus.

(v) In the quiescent state, blazar jets become radiatively inefficient.

In most of the brightest FSRQs, the kinetic power carried by electrons

can account for observed radiation. But still, the jets remain powerful

enough to radiate more than disc luminosity.

(vi) We could not constrain the synchrotron peak positions

properly in the SED models due to lack of simultaneous mm-IR

observations. So, we can roughly say, in quiescent states of CTA

102, 3C 279 and 3C 454.3 synchrotron and IC emission peak at

lower frequencies than those in flare states.

(vii) Magnetic field inside the emission region has an expected

correlated with ‘d/(RS∗Ld)’ for these six sources during quiescent

state.

(viii) The high energy indices of particle spectrum (p1) of these

six sources are found to be correlated with quiescent state γ -ray

luminosities (Lγ ) observed by Fermi-LAT in 0.1–300 GeV energy

range. For FSRQs, Fermi-LAT data form the decaying part of the

high-energy hump in SED, i.e. Lγ represents the luminosity emitted

by particles with higher energies. Higher p1 value implies lower

number of high-energy particles (equation 3), which in turn reduces

Lγ .
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Zacharias M., Böttcher M., Jankowsky F., Lenain J. P., Wagner S. J.,

Wierzcholska A., 2017, ApJ, 851, 72

Zamaninasab M., Clausen-Brown E., Savolainen T., Tchekhovskoy A., 2014,

Nature, 510, 126

Zheng Y. G., Zhang L., Huang B. R., Kang S. J., 2013, MNRAS, 431, 2356

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 504, 1103–1114 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/1/1103/6219096 by D
ESY-Zentralbibliothek user on 21 June 2021


