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A B S T R A C T 

Blazars, the jet-dominated class of active galactic nuclei comprising flat-spectrum radio quasars (FSRQs) and BL Lacertae 
objects (BL Lacs), are now increasingly identified as potential sources of high-energy neutrinos. Such neutrino blazars are 
ideal targets t o inv estigat e the high-energy emission processes and to understand their role as neutrino sources. We report 
results on four candidate neutrino blazars, PKS 0446 + 112, TXS 0506 + 056, PKS 1424 −418, and PKS 1502 + 106. We carried 
out γ -ray spectral and timing analysis on three time periods that comprise a quiescent epoch, an epoch that corresponds 
to neutrino detection, and a flaring epoch. We also carried out modelling of the broad-band spectral energy distribution 

(SED) on those three epochs. We found that the γ -r ay spectr a of the BL Lac TXS 0506 + 056 can be adequately described by 
a power law, while the spectra of the other thr ee FSRQs r equir e a log -parabola model. On short er time-scales, w e observ ed 
flux variability with doubling/halving time-scales of 4.70, 9.24, 30.76, and 15.42 h for PKS 0446 + 112, TXS 0506 + 056, PKS 
1424 −418, and PKS 1502 + 106, respectively. The SEDs of most of the epochs for the sour ces ar e well e xplained by a leptonic 
scenario. How ev er, the quiescent epoch of PKS 1502 + 106 and the neutrino - emission epoch of PKS 0446 + 112 r equir ed an 

additional hadronic component to r epr oduce the observed SEDs. Our analysis reveals a complex interplay of leptonic and 
hadr onic pr ocesses. While certain neutrino-associated epochs align with a lept onic model, others necessitat e a hadronic 
component to explain the emission features. 

Key wor ds: g alaxies: active – (galaxies:) BL Lacertae objects: individual: TXS 0506 + 056 – galaxies: jets – gamma-rays: 
general. 
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 INTRODUCTION  

lazars, which encompass flat-spectrum radio quasars (FSRQs) 
nd BL Lacertae objects (BL Lacs), are a unique subclass of active
alactic nuclei (AGNs) with their highly relativistic jets aligned 
losely to the line of sight to the observer (R. D. Blandford & M.
. Rees 1978 ). This separation into FSRQs and BL Lacs is observa-
ionally based on the pr esence of str ong (EW > 5 Å) or weak (EW
 5 Å) emission lines in their spectra (J. T. Stocke et al. 1991 ). A
ore physical distinction put forward by G. Ghisellini et al. ( 2011 )
s based on the ratio of the luminosity of the broad-line region
BLR) (L BLR ) to the Eddington luminosity (L Edd ) with this ratio
arger than 5 × 10 −4 for FSRQs, while it is lower than 5 × 10 −4 for
L Lacs. The emission from blazars is dominated by their Doppler
oosted non-thermal jet emission. They are known to show flux 
ariations across the electromagnetic spectrum from low-energy 
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adio to high-energy ( E > 100 MeV) γ -rays, and in some cases
v en v ery high-energy TeV γ -rays, on a range of time-scales from
inut es t o days t o months (H. R. Miller, M. T. Carini & B. D.
oodrich 1989 ; J. C. Noble & H. R. Miller 1994 ; S. J. Wagner &
. Witzel 1995 ; M.-H. Ulrich, L. Maraschi & C. M. Urry 1997 ; T.
. Dominici et al. 2004 ; P. Kushwaha et al. 2018 ; G. Bhatta 2021 ;
 . V . Vlasyuk et al. 2024 ; M. S. Butuzova et al. 2025 ). In addition
o flux variations, they are highly polarized (J. R. P. Angel & H.
. Stockman 1980 ; A. M. Bharathan et al. 2024a , c ) and are also
nown to show polarization variations in the radio (J.-H. Fan et al.
008 ), optical (S. Rakshit et al. 2017 ; A. Pandey, B. Rajput & C. S.
talin 2022 ; B. Rajput et al. 2022 ), and X-ray energies (X.-K. Hu
t al. 2024 ; P. M. Kouch et al. 2024 ). 
Blazars exhibit distinctive spectral energy distributions (SEDs). 
hen r epr esented in the usual log ν f (ν) versus log ν format,

he SED displays two pr ominent br oad humps. The low-energy
omponent is observed to peak in the infrared-optical energy 
ange (and in some cases in the X-ray energy range), which
s attribut ed t o synchr otr on emission fr om r elativistic electr ons
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. The details of blazars associated with neutrino detections selected for detailed analysis. Here, T 0 is the time in MJD of the neutrino detection, 
and Reference points to the article that reported the neutrino detection. 

Source Class RA (h:m:s) Dec. (d:m:s) z IceCube Alert T 0 (MJD) Energy (TeV) Reference 

PKS 0446 + 112 FSRQ 04:49:07.6711 + 11:21:28.596 2.15 240105A 60 314 1.1 IceCube Collaboration ( 2024 ) 
TXS 0506 + 056 BL Lac 05:09:25.9644 + 05:41:35.333 0.34 170922A 58 018 290 IceCube Collaboration ( 2018a ) 
PKS 1424 −418 FSRQ 14:27:56.2975 −42:06:19.437 1.52 121 204 56 265 2000 M. G. Aartsen et al. ( 2014 ) 
PKS 1502 + 106 FSRQ 15:04:24.9797 + 10:29:39.198 1.84 190730A 58 694 300 I. Taboada & R. Stein ( 2019 ) 

s  

t  

s  

l  

d
H  

e  

o  

p  

t  

−  

p
 

m  

a  

b  

t  

p  

e  

e  

T  

p  

 

1  

t  

1  

G  

2  

C  

A  

1  

t  

o  

a  

t  

i  

c  

t  

(  

c  

o
G  

a  

h
 

t  

t  

s  

m  

d  

1  

t  

c  

p
G
n  

(  

e  

e  

c  

t  

s  

(  

r  

2  

t  

d  

e  

r  

m  

I
 

r  

n  

i  

e  

S  

r  

i  

I  

t  

w  

e  

h  

2  

b  

s  

a  

o  

(  

s  

p  

t  

o
t  

i  

t
f  

m
h  

a  

p  

T  

f

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/2/stag674/8650713 by Indian Institute of Astrophysics user on 12 June 2026
piraling around the magnetic field lines in the jet. Based on
he frequency of the synchrotron peak ( νsyn ), blazars are further
ubdivided into three different classes: high, int ermediat e, and
ow synchr otr on peaked (HSP , ISP , and LSP , respectively) blazars,
epending on whether νsyn > 10 15 Hz, 10 14 Hz < νsyn < 10 15 
z, or νsyn < 10 14 Hz (A. A. Abdo et al. 2010b ). While the low-
nergy hump is well understood to be of electron synchrotron
rigin as evidenced through the observed high optical and radio
olarization (R. Scarpa & R. Falomo 1997 ; P. S. Smith et al. 2007 ),
he origin of the high-energy component that peaks in the MeV
GeV energy range is debated between leptonic and hadronic
rocesses. 
In the leptonic scenario, the radiative output across the electro-
agnetic spectrum is primarily attributed to leptons (electrons
nd positrons), while any protons in the jet are assumed not to
e accelerated to energies high enough to significantly impact
he radiative output. In this process, the high-energy emission is
r oduced thr ough inv erse Compt on scatt ering, wherein the low-
nergy photons are Compton up scattered by the same relativistic
lectr ons that pr oduce synchr otr on emission at lower energies.
he seed photons could be int ernal t o the jet, i.e. the synchr otr on
hotons from the jet through a process called synchrotron self-
Compton (SSC; A. Konigl 1981 ; A. P. Marscher & W. K. Gear
985 ; G. Ghisellini & L. Maraschi 1989 ), or phot ons ext ernal t o
he jet, such as the accretion disc (C. D. Dermer & R. Schlickeiser
993 ), the BLR (M. Sikora, M. C. Begelman & M. J. Rees 1994 ; G.
hisellini & P. Madau 1996 ), and the torus (M. Bła żejowski et al.
000 ; G. Ghisellini & F. Tavecchio 2008 ), a process called external
ompton (EC; M. C. Begelman & M. Sikora 1987 ; F. Melia &
. Konigl 1989 ; C. D. Dermer, R. Schlickeiser & A. Mastichiadis
992 ). In this scenario, one expects to see a close correlation be-
ween optical and GeV flux variations since the same population
f electr ons is r esponsible for the emission at both the low-energy
nd high-energy bands. Such correlations supporting the lep-
onic scenario are seen in multiwavelength observations of flar-
ng blazars (I. Liodakis et al. 2018 , 2019 ). How ev er, recent studies
oncentrating on a systematic investigation of the correlation be-
ween optical and GeV flux variations of a large sample of blazars
B. Rajput et al. 2019 , 2021 ) have lead to (a) instances of close
orrelation between optical and GeV flux variations, (b) instances
f optical flare without a GeV counterpart, and (c) instances of 
eV flare without an optical counterpart. These observations (see
lso T. Jaeger et al. 2023 ) suggest the high-energy component to
ave contributions from more than one process. 
In contrast to the leptonic process, the hadronic model at-

ributes the high-energy emission to processes involving rela-
ivistic protons. In this scenario, the emission can result from
ynchr otr on radiation produced by protons as they spiral in the
agnetic field, or from interactions that lead to photon-pion pro-
uction (K. Mannheim & P. L. Biermann 1992 ; K. Mannheim
993 ; M. Böttcher et al. 2013 ). These interactions may result in
he generation of very high-energy γ -rays and secondary parti-
NRAS 548, 1–16 (2026) 
les such as neutrinos, which are unique signatures of hadronic
rocesses. In this scenario, the correlation between optical −
eV flux variations may not be expected. The recent detection of 
eutrinos coincident with flaring blazars such as TXS 0506 + 056
P. Padovani et al. 2018 ), 3HSP J095507.9 + 355101 (P. Giommi
t al. 2020b ) suggests that blazar jets are possible emitters of high-
nergy neutrinos (P. Giommi et al. 2020a ) and the high-energy
omponent in blazar SEDs can have contributions fr om pr ocesses
hat also inv olv e hadr ons. Curr ent observations show that a very
mall fraction of AGNs (say < 1 per cent) are neutrino emitters
R. Abbasi et al. 2023 ). While blazar SEDs can be equally well
 epr esent ed by lept onic and hadronic models (M. Bött cher et al.
013 ), dir ect pr oof of hadr onic interactions fr om blazar jet is
hrough observation of neutrinos. Yet, another potential way to
istinguish betw een lept onic and hadronic origin of high-energy
mission from blazars is through observations of X-ray and γ -
ay polarization, which are different for leptonic and hadronic
odels (H. Zhang & M. Böttcher 2013 ; H. Zhang, M. Böttcher &
. Liodakis 2024 ). 
Observations with IceCube (M. G. Aartsen et al. 2017 ) have

ev ealed sev eral spatial associations betw een high-energy neutri-
os and γ -ray loud blazars, strengthening the case for hadronic
nteractions in relativistic jets (M. Kadler et al. 2016 ; S. Garrappa
t al. 2019 ; A. F r anckowiak et al. 2020 ; P. Giommi et al. 2020a ;
. Buson et al. 2022 , 2023 ; N. Sahakyan et al. 2023 ). Yet, the
elativ e importance of lept onic and hadr onic pr ocesses in power-
ng the broad-band SEDs of blazars remains a subject of debate.
ndividual case studies illustrate this ambiguity. For example,
he neutrino-associated blazar PKS 0735 + 178 was found to be
ell described by a leptonic model during the neutrino detection
poch, even though the neutrino association itself implies that
adronic channels cannot be e x cluded (A. M. Bharathan et al.
024b ). This highlights a broader challenge; blazars may not all
ehave in the same way, and the hadronic contribution can be
tr ongly sour ce and epoch-dependent. A r ecent population-level
nalysis by X. Rodrigues et al. ( 2024 ) provides a useful perspective
f modelling a large sample of 324 Fermi -Large Area Telescope
LAT) blazars. They showed that in r oughly one-thir d of their
ample of sources, the X-ray spectra favour an additional com-
onent fr om hadr onic interactions, wher eas in the r emaining
w o-thirds, a lept onic model suffices. The corresponding neutrino
utput from the population accounts for about 20 per cent of 
he diffuse IceCube flux, consistent with current stacking lim-
ts. Ag ainst this backdr op, our work complements the popula-
ion results by presenting detailed time-resolved modelling of 
our blazars associated with IceCube neutrinos. By focusing on
ulti-epoch SEDs, we e xplor e whether the relative leptonic–
adronic balance changes across flux states and how such vari-
bility might connect to neutrino production. In this paper, we
r esent the r esults of our study on four blazars: PKS 0446 + 112,
XS 0506 + 056, PKS 1424 −418, and PKS 1502 + 106 that are
ound to be associated with IceCube neutrinos. The choice of 
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Figure 1. Multiwavelength light curves for the sources PKS 0446 + 112 (top panel) and TXS 0506 + 056 (bottom panel). In each of the panels, the upper, 
middle, and lower plots show the γ−r ay, X-r ay, and optical/UV light curves in W1, W2, U , and V filters. The dot–dashed lines refer to the epoch of 
neutrino detection. 
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hese four blazars is based on the availability of multiwavelength 
ata. 
PKS 0446 + 112 is a γ -ray bright FSRQ (4FGL J0449 + 1121) lo-
ated at a redshift of z = 2.153 (S. Paiano et al. 2024 ) and powered
y a black hole of mass ∼7.9 × 10 7 M � (M. S. Shaw et al. 2012 ). It
s highly luminous in γ -rays ( E > 100 MeV) with a value of 1.21
10 48 erg s −1 (N. Sahakyan et al. 2024b ). It was reported to be

patially coincident with the IceCube event IC-240105 (IceCube 
ollaboration 2024 ) with an estimated energy of 1.1 TeV. Its time
veraged broad-band SED has been modelled with a one zone lep- 
onic scenario, with the X-ray and γ -ray emission being attributed 
 o inv erse Compt on processes (N . Sahak yan et al. 2024b ). 
TXS 0506 + 056 at a redshift of z = 0.3365 (S. Paiano et al. 2018 )

s a radio-bright and a flaring γ -ray blazar (P. Padovani et al. 2018 )
ound to be associated with a 290 TeV neutrino alert, IceCube-
70922A by IceCube on 2017 September 22 (IceCube Collabo- 
 ation 2018b ). Analysis of archiv al data prior to this alert has
 evealed an e x cess of neutrinos det ect ed t owar ds the dir ection of 
XS 0506 + 056 during the years 2014 −2015. However, during this
eriod, the source did not exhibit increased activity in the radio,
MNRAS 548, 1–16 (2026) 



4 A. M. Bharathan et al. 

M

Figure 2. Multiwavelength light curves for the sources PKS 1424 −418 (top panel) and PKS 1502 + 106 (bottom panel). The other descriptions are same 
as in Fig. 1 . 
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ptical, or γ -ray energies (IceCube Collaboration 2018a ). These
bservations led to identify the γ -ray blazar TXS 0506 + 056 as the
rst e xtrag alactic count erpart t o a neutrino ev ent. Also, neutrino
v ents associat ed with the blazar occurred in 2021 −2022 and
022 −2023. The SED of the source during all the four neutrino
et ection epochs w ere w ell r epr oduced with a stochastic dissipa-
ion model (Z.-J. Wang et al. 2024 ) that also explains the episodic
eutrino emission from TXS 0506 + 056. 
PKS 1424 −418 is an FSRQ at a redshift of z = 1.522 (M. T.
urphy et al. 2019 ). It is listed in the 4FGL catalogue with the

dentifier 4FGL J1427.9-4206 (S. Abdollahi et al. 2020 ), and is
owered by a black hole of mass 4.5 × 10 9 M � (Z.-H. Fan & X.
NRAS 548, 1–16 (2026) 
ao 2004 ). It is variable in γ -r ays, optical, infr ared (J. Abhir et al.
021 ), and sub-mm (D.-W. Kim et al. 2024 ). It has an extended
ne-sided morphology in the radio (P. Benke et al. 2024 ) and is
he most distant TeV-det ect ed blazar associated with an IceCube
lert. It was found to be spatially coincident with the IceCube
lert IC 121204, which had an estimated energy of 2 PeV, det ect ed
n 2012 December 4 (M. G. Aartsen et al. 2014 ). Broad-band SED
odelling carried out on the source at two flaring epochs found
he emission to be well described by a leptonic scenario (J. Abhir
t al. 2021 ). 
PKS 1502 + 106 (4FGL J1504.4 + 1029), an FSRQ situated at a

edshift of z = 1.8378 (P. C. Hewett & V. Wild 2010 ), was consid-
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Table 2. Details of the epochs considered for timing, spectral, and SED 

analysis. Her e, Quiet r efers to the faint state, Neutrino refers to the epoch 
when neutrino was det ect ed, and Flare refers to the epoch when the 
source was in a flaring state. 

Source Epoch State MJD MJD Duration 
start end (d) 

PKS 0446 + 112 E 1 Quiet 55500 55600 100 
E 2 Neutrino 60265 60365 100 
E 3 Flare 55250 55350 100 

TXS 0506 + 056 E 1 Quiet 58680 59000 320 
E 2 Neutrino 57910 58100 190 
E 3 Flare 58360 58520 160 

PKS 1424 −418 E 1 Quiet 55350 55750 400 
E 2 Neutrino 56265 56430 165 
E 3 Flare 56740 56940 200 

PKS 1502 + 106 E 1 Quiet 55900 56060 160 
E 2 Neutrino 58594 58795 200 
E 3 Flare 57120 57135 195 

Table 3. Results of γ -ray variability analysis. 

Source Epoch F var ( per cent ) 

PKS 0446 + 112 E 1 —
E 2 15.5 ± 11.8 
E 3 37.1 ± 5.0 

TXS 0506 + 056 E 1 —
E 2 41.0 ± 3.1 
E 3 33.9 ± 6.6 

PKS 1424 −418 E 1 28.6 ± 2.1 
E 2 16.3 ± 1.1 
E 3 31.7 ± 1.7 

PKS 1502 + 106 E 1 53.4 ± 9.4 
E 2 71.0 ± 1.9 
E 3 45.1 ± 1.5 

Table 4. Results of short-term variability during the 
epoch of very high γ -ray activity. 

Source Epoch τ (hr) r (cm) 

PKS 0446 + 112 E 2 4.70 3.70 ×10 15 
TXS 0506 + 056 E 2 9.24 7.47 ×10 16 
PKS 1424 −418 E 2 30.76 2.63 ×10 16 
PKS 1502 + 106 E 3 15.42 7.04 ×10 15 
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red a promising neutrino source candidate in the catalogue of 
. G. Aartsen et al. ( 2020 ). It hosts a black hole of mass 4.4 × 10 9 
 � (Y. Shen et al. 2011 ). It was found to coincide with the IceCube
lert IC 190730A (I. Taboada & R. Stein 2019 ), with an estimated
nergy of 300 TeV. While the source is not very bright in γ -rays
uring the epoch of neutrino detection, it was bright in the radio
and (S. Kiehlmann et al. 2019 ). It is variable in the optical (T.
orton et al. 2008 ) and γ -ray energies (A. A. Abdo et al. 2010a ).
ow ev er, no significant e x cess in γ -ray emission was observed
uring the IceCube event (IceCube-190730A). A ccor ding to X. 
odrigues et al. ( 2021 ), the emission fr om the sour ce during its
uiescent and flaring states can be described by a hadronic model. 
 summary of the sour ces investig ated in this study is given in
able 1 . 
This paper is organized as follows. Section 2 details the 
ultiwavelength data and r eduction pr ocedur es, the analysis 
nd results are given in Section 3 followed by the discussion
nd summary in the final section. Throughout this paper we 
sed the cosmological constants �M 

= 0 . 3 , �� = 0 . 7 , and H 0 =
0 km s −1 Mpc −1 . 

 MULTIWAVELENGTH  DA  T  A  AND  

EDUCTION  

e analysed the publicly available data in the γ -ra y, X-ra y,
ptical, and ultraviolet (UV) bands from 2008 August to 2022 
ebruary, spanning nearly 14 yr for all the sour ces e x cept PKS
446 + 112 for which we used the data from 2008 August to 2024
ay in order to cover the period of the most recent IceCube alert
n 2024 January 5, ensuring any contempor aneous γ -r ay activity 
s accounted for. Use of such a data set will offer insights into the
ong-term behaviour of the sources as well as understand the pro-
esses that are responsible for their multiwavelength emission. 

.1 γ-ray 

n the γ -ray band, we used the data from the LAT (W. B. Atwood
t al. 2009 ) on the Fermi Gamma-ray Spac e Telesc ope . The LAT
s a pair -con v ersion t elescope sensitiv e t o γ -ray energies from
0 MeV to over 300 GeV. Operating in scanning mode, Fermi
overs the entire sky approximat ely ev ery 3 h. For the sources
XS 0506 + 056, PKS 1424 −418, and PKS 1502 + 106 we used data
rom 2008 August to 2022 February (MJD: 54500 −59500; ∼170 
onths), while for PKS 0446 + 112 we used data from 2008 August
o 2024 May (MJD: 54500 −60460; ∼190 months). We followed 
he recommended selection criteria and analysis cuts for PASS8 
ata using the Fermi Science Tools version v10r0p5. 1 Photon- 
ike ev ents w ere filt ered with the crit eria ‘ev class = 128, evtype = 3’,
electing γ -rays with energies between 0.1 and 300 GeV from a 
ir cular r egion of inter est (ROI) with a 15 ◦ radius centr ed on each
ource. We used a zenith angle cut of 90 ◦ to minimize contamina-
ion from Earth’s limb. For back gr ound models, we used the latest
sotropic model ‘iso _ P8R2 _ SOURCE _ V6 _ v06’ and the Galactic 
iffuse emission model ‘gll _ iem _ v06’. We consider ed a sour ce to
e det ect ed if the t est statistic (TS) e x ceeded 4, corr esponding to a
 σ detection significance (J. R. Mattox et al. 1996 ). We generated
eekly time binned light curves, and sources with TS < 4 were
lassified as undet ect ed for that time bin. 
 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ 

t  

2

.2 X-ray 

e utilized data in the 0.3 −10 keV band from the Swift X-ray Tele-
cope (D. N. Burrows et al. 2005 ) obtained from the HEAS AR C
rchives. 2 For each of the sources, we reduced the data collected
uring the specified period using default parameter values as rec- 
mmended by the instrument team. In this work, we employed 
ata acquired in the photon counting mode for both timing and
pectral analysis. We used the recent CALDB files from heasoft 
ersion 6.30 while running the xrtpipeline . To e xtract sour ce spec-
ra we used a cir cular r egion with a 60 arcsec radius, while for
ack gr ound spectra we used a 120 arcsec radius circular region.
o generate the the e xposur e map we used the XIMAGE tool, and
 o generat e the ancillary response files we used the xrtmkarf task.
MNRAS 548, 1–16 (2026) 

 https://heasar c.gsfc.nasa.gov/docs/ar chive.html 
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Figure 3. Left panels: 1 week binned γ -ray light curves for the epochs E 1 (top plot), E 2 (middle plot), and E 3 (bottom plot) in the 0.1 −10 GeV (red) and 
10 −300 GeV multiplied by a factor of 5 (green) for TXS 0506 + 056. Right panels: the HR v ersus t otal int ensity in the 0.1 −300 GeV band for the epochs 
E 1 (top plot), E 2 (middle plot), and E 3 (bottom plot). The solid blue lines are the weighted linear least squares fit to the data. 
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or spectral fitting in xspec , we applied an absorbed power-law
odel, incorpor ating Galactic neutr al hydrogen column densities
f 7.33 × 10 20 cm 

−2 for PKS 1424 −418, 2.03 × 10 20 cm 

−2 for PKS
502 + 106, 1.22 × 10 21 cm 

−2 for PKS 0446 + 112, and 1.15 × 10 21 
m 

−2 for TXS 0506 + 056 (HI4PI Collaboration 2016 ). 

.3 UV and optical 

or the analysis of UV and optical data covering the entire obser-
ation period, we utilized measurements from the Swift Ultravio-
et/Optical Telescope (UVOT; P. W. A. Roming et al. 2005 ), a key
nstrument onboard the Swift spacecraft (N. Gehrels et al. 2004 ).
he UVO T observations wer e performed using a combination of 
he V, U , UVW1, and UVW2 filt ers, which hav e central wave-
engths (full width at half-maximum) values of 5468 Å (796 Å),
465 Å (785 Å), 2600 Å (693 Å), and 1928 Å (657 Å), respectively
T. S. Poole et al. 2008 ). We processed the UVOT data using the on-
ine tools available in the Swift data archive, which automatically
andles aspects such as data calibration and extraction of pho-
ometric measurements. To ensure an accurate r epr esentation of 
he intrinsic emission from the sources, we applied corrections
or Galactic extinction to the observed UV and optical fluxes using
he corresponding extinction values for each ROI (E. F. Schlafly
 D. P. Finkbeiner 2011 ). 
NRAS 548, 1–16 (2026) 
 ANALYSIS  AND  RESULTS  

.1 Multiwavelength light curve 

he multiwavelength light curves, which span 14 to 16 yr and
over γ -r ay, X-r ay, UV, and optical data from 2008 August to
022 February/2024 May (MJD: 54500–59700/60460), are shown
n Fig. 1 for the sources PKS 0446 + 112 and TXS 0506 + 056 and
n Fig. 2 for the sources PKS 1424 −418 and PKS 1502 + 106. From
igs 1 and 2 it is evident that all the sources showed both low and
ctiv e stat es during the period analysed in this w ork. For each of 
he sources, we identified three epochs, denoted as E 1 (quiescent
poch), E 2 (epoch of neutrino detection), and E 3 (flaring epoch)
or further analysis. Our definition of quiescent and flaring states
n our sample of sources was primarily driven by the availability
f near simultaneous multiband data across wavelengths needed
or multiband SED modelling. They were identified from visual
nspection of the long term γ -ray light curves. The details of these
pochs, such as the start time, the end time, and the duration, are
iven in Table 2 . 
The selection of these epochs provides a detailed framework

or investigating the spectral and temporal behaviour of these
ources during the epoch of neutrino det ection relativ e t o other
pochs. The source PKS 0446 + 112 was in the quiescent state in
he γ -ray band most of the time of Fermi observations, e x cept that
t was in a flaring state on two epochs, one at ∼MJD 55 250 and the
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Figure 4. Left panels: 1 week binned γ -ray light curves for the epochs E 1 (top plot), E 2 (middle plot), and E 3 (bottom plot) in the 0.1 −10 GeV (red) and 
10 −300 GeV multiplied by a factor of 3 (green) for PKS 1424 −418. Right panels: the HR versus total intensity in the 0.1 −300 GeV band for the epochs 
E 1 (top plot), E 2 (middle plot), and E 3 (bottom plot). The solid blue lines are the weighted linear least squares fit to the data. 
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ther at ∼MJD 606265. Notably, it was in its brightest γ -ray activ-
ty state, at the epoch of neutrino emission. Similarly, a correla-
ion between γ -ray flaring and neutrino activity was observed for 
XS 0506 + 056 and PKS 1424 −418 similar to that found in PKS
735 + 178 (A. M. Bharathan et al. 2024b ). PKS 1502 + 106 was in
 low γ -ray activity state during the epoch of neutrino detection 
see Fig. 2 ). Thus, we found no temporal correlation between γ -
ay flaring activity and neutrino detection in PKS 1502 + 106. This
as also reported by E. Kun et al. ( 2021 ), who noticed that while
he source was in a low γ -ray activity state during the high-energy
eutrino detection, the radio emission from PKS 1502 + 106 was in
 high state at the epoch of neutrino detection. Varied correlation
etween the time period of neutrino detection and γ -ray flaring 
ctivity is also seen in the first neutrino blazar TXS 0506 + 056.
hile the γ -ray flaring activity in TXS 0506 + 056 during 2017 was

ound to have a temporal coincidence with the arrival of a 290
eV neutrino event IC-170922A (IceCube Collaboration 2018b ), 
he neutrino detection during 2014/15 (IceCube Collaboration 
018a ) was not accompanied with an increased γ -ray activity (A. 
 r anckowiak et al. 2020 ). 

.2 Variability analysis 

.2.1 Long-term variability 

ong-term variability, spanning weeks to years, offers valuable 
nsights into the processes governing the dynamics of the jet. 
o inv estigat e the long-t erm variability of the sources during the
pochs identified in Table 2 , w e estimat ed the fractional vari-
bility amplitude in the weekly binned light curves. Following S. 
aughan et al. ( 2003 ) we calculated the fractional variability, F var ,
efined as 

 var = 

√ 

S 2 − σ 2 
err 

x 2 
(1) 

n this equation, S 2 r epr esents the variance of the flux over the
elected period, x is the mean flux over the selected period, and
2 
err is the mean square of the measurement errors associated with 
he flux points. We calculated the uncertainty in the fractional 
ariability, F var,err , following S. Vaughan et al. ( 2003 ) as 

 var,err = 

√ √ √ √ 

1 
2 N 

( 

σ 2 
err 

F var x 2 

) 2 

+ 

1 
N 

σ 2 
err 

x 2 
(2) 

ere, N denotes the number of flux points in the light curve. By
pplying this method, we calculated γ -ray variability for all the 
elected epochs in each of the sources analysed in this work. The
esults of this variability analysis are presented in Table 3 . 

.2.2 Short-term variability 

lazars are known to show flux variations on time-scales shorter
han an hour (L. Foschini et al. 2011 ; S. Saito et al. 2013 ; A. Pandey
MNRAS 548, 1–16 (2026) 
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M

Figure 5. Left panels: 1 week binned γ -ray light curves for the epochs E 2 (top plot) and E 3 (bottom plot) in the 0.1 −10 GeV (red) and 10 −300 GeV 

multiplied by a factor of 3 (green) for PKS 1502 + 106. Right panels: the HR versus total intensity in the 0.1 −300 GeV band for the epochs E 2 (top plot) 
and E 3 (bottom plot). The solid blue lines are the weighted linear least squares fit to the data. 

Table 5. Results of the w eight ed linear least squares fit to the HR versus 
t otal int ensity diagram. Her e, R is the linear corr elation coefficient and p 
is the probability for no correlation. 

Source Epochs Slope Intercept R p 

TXS 0506 + 056 E 1 −879 573 −0.809 −0.482 0.019 
E 2 220 934 −0.873 0.124 0.546 
E 3 −405 588 −0.748 −0.388 0.170 

PKS 1424 −418 E 1 25 209 −0.903 −0.403 0.008 
E 2 17 464 −0.839 0.154 0.480 
E 3 26 468 −0.883 −0.008 0.969 

PKS 1502 + 106 E 2 62 605 −0.889 0.133 0.381 
E 3 110 454 −0.922 0.492 0.009 
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 C. S. Stalin 2022 ). Detection of such short time-scale variation
ould enable one to constrain the size and the location of the γ -
ay emission region. We therefore searched for the presence of 
ux variations on very short time-scales (of the order of hours)
n the γ -ray light curves of PKS 0446 + 112, TXS 0506 + 056, PKS
424 −418, and PKS 1502 + 106 during their brightest γ -ray flaring
poch. For that, we calculated the flux doubling/halving time-
cale using the following relation (A. M. Brown 2013 ): 

 (t ) = F (t 0 ) × 2 −(t−t 0 ) /τ (3) 

ere, F(t) and F(t 0 ) are the fluxes at times t and t 0 , respectively,
nd τ is the flux doubling/halving time-scale. This calculation
as done with the condition that the flux difference between
pochs t and t 0 is greater than 2 σ (L. Foschini et al. 2011 ). Using
he flux doubling time-scale, we estimated the size of the γ -ra y -
mitting region as 

 ≤ cτδ/ (1 + z) , (4) 

here δ is the Doppler factor, τ is the flux doubling/halving time-
cale, and c is the speed of light. The results of the analysis are
iven in Table 4 . The flux doubling/halving time-scale is found to
e in hours for BL Lacs and in few days for FSRQs, and the size of 
NRAS 548, 1–16 (2026) 
he γ -ray emission region is found to be in the range (3.7 −74.7)
10 15 cm. These values are thus within the range of 1.68 ×10 14 

o 6.61 ×10 19 cm found by J. Fan et al. ( 2023 ) based on an analysis
f 2708 Fermi blazars. 

.2.3 Spectral variability 

o examine the spectr al v ariation in the sources during the se-
ect ed epochs, w e employ ed a model-independent method of cal-
ulating the hardness ratio (HR) and analysed its dependence
n the source’s total flux. For this purpose, w e generat ed w eekly
inned γ -ray light curves in two energy ranges, 0.1 −10 GeV and
0 −300 GeV. We then calculated the HR and the associated error
s (Y. K. Jin, S. N. Zhang & J. F. Wu 2008 ) 

R = 

(
H − S 
H + S 

)
(5) 

HR = 

2 
(H + S) 2 

√ 

H 

2 σ 2 
S + S 2 σ 2 

H (6) 

he light curves in the two energy ranges and the corresponding
ariation of HR with brightness of the sources for the selected
pochs, where HR could be evaluated, are shown in Fig. 3 for TXS
506 + 056, Fig. 4 for PKS 1424 −418, and Fig. 5 for PKS 1502 + 106.
e also carried out a w eight ed linear least squares fit to the HR

 ersus int ensity in the 0.1 − 300 GeV band and the results of the
t are given in Table 5 . For TXS 0506 + 056, the diagram during
poch E 1 shows a possible soft er-when-bright er behaviour. How-
v er, the scatt er in the data points is relativ ely large, and during
pochs E 2 and E 3 no clear correlation between HR and brightness
s evident. For PKS 1424 −418, the data in epoch E 1 suggest a
ar der-when-brighter tr end, although the scatter pr events a firm
onclusion. No clear trend is observed during epochs E 2 and E 3 .
or PKS 1502 + 106, the distribution during epoch E 3 indicates a
ossible harder-when-brighter behaviour, while during epoch E 2 
o significant correlation is apparent. 
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Figure 6. Simple power law (blue line) and log parabola (green line) fits to the γ -ray spectra of the sources analysed in this work during the epochs 
E 1 (left), E 2 (middle), and E 3 (right). For the top panels to the bottom panels, the sour ces ar e PKS 0446 + 112, TXS 0506 + 056, PKS 1424 −418, and PKS 
1502 + 106. 
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.3 γ-r ay spectr a 

nalysis of the γ -ray spectra can provide insights into the mech- 
nisms responsible for high-energy emission. We analysed the γ - 
 ay spectr a for all the selected epochs in the sources using two
pectral models namely the power law (PL) and log parabola (LP)
odels. The PL model has the functional form 

d N(E ) 
d E 

= N 0 E −
 (7) 

ere, dN(E ) dE is the differential photon number (cm 

−2 s −1 MeV 

−1 ), 
 0 is the normalization and 
 is the photon index. 
The LP model has the functional form (P. L. Nolan et al. 2012 ),

d N(E ) = N ◦(E/E ◦) −α−βln (E/E ◦ ) , (8) 

d E 
here α is photon index at E ◦, β defines the peak spectral cur-
ature in the spectra, and N ◦ and E ◦ are the normalization and
caling factor of the energy spectrum, respectively. 
We used the maximum likelihood estimator gtlike for the spec- 

ral analysis likelihood ratio test (J. R. Mattox et al. 1996 ) to check
he PL model (null hypothesis) against the LP model (alterna- 
ive hypothesis). We calculated the T S curve = 2(log L LP −log L PL )
ollowing P. L. Nolan et al. ( 2012 ). We t est ed the presence of a
ignificant curvature by setting the condition T S curve > 16. The
-r ay spectr a along with the model fits for the epochs E 1 , E 2 , and
 3 for the sources PKS 0446 + 112, TXS 0506 + 056, PKS 1424 −418,
nd PKS 1502 + 016 are shown in Fig. 6 . The parameters obtained
or both PL and LP model fits are given in Table 6 . The γ -ray
pectra for all three epochs of PKS 0446 + 112 were well fit with a
L model. In the case of TXS 0506 + 056, epochs E 1 and E 2 were fit
MNRAS 548, 1–16 (2026) 
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ith a PL model, while epoch E 3 r equir ed the LP model. For PKS
424 −418 and PKS 1502 + 106, all the epochs w ere w ell described
y a LP model. 

.4 Broad-band SED analysis 

.4.1 One-zone leptonic modelling 

e also carried out broad-band SED analysis of all the three
pochs for each of the sources. For this we used the one-zone
ept onic framew ork described in S. Sahayanathan & S. Godambe
 2012 ). This model assumes the emission to originate from a
pherical region of radius R , moving down the jet relativistically
ith Lorentz factor ( 
) and filled with a tangled magnetic field.
he jet is inclined at an angle θ with the line of sight and hence
he observed emission will be boosted by the Doppler factor δ. The
mission region is filled with a non-thermal electron distribution
ollowing a broken power law with indices p and q , described as 

(γ ) d γ = 

{
K γ −p d γ for γmin < γ < γb 
K γ

q −p 
b γ −q dγ for γb < γ < γmax 

, (9) 

here γ is the electron Lorentz factor and γb corresponds to
he break Lorentz factor. The electrons radiate via synchrotron
mission and inverse Compton scattering through either SSC or
C processes. We assumed the emission region to be beyond the
LR but within the IR torus. Hence, due to relativistic boosting
he dominant photon fields will be the IR dust emission which is
hosen as a blackbody at 1000 K. The emissivity due to these emis-
ion processes was computed numerically under steady-state, and
he flux received on Earth is used to r epr oduce the observed spec-
rum. The best-fitting SEDs using this model for PKS 0446 + 112,
XS 0506 + 056, PKS 1424 −418, and PKS 1502 + 106 are shown in
igs 7 , 8 , 9 , and 10 , r espectively. The r esults of the SED analysis
re given in Table 7 . 

.4.2 Hadronic SED modelling 

or the epochs in which the simple one-zone leptonic model
ailed to r epr oduce the observed high-energy emission (epoch E 2 
f PKS 0446 + 112 and epoch E 2 of PKS 1502 + 106), we employed
he stationary hadronic model described in M. Böttcher et al.
 2013 ). The model assumes a spherical emission region of radius
 , moving relativistically with bulk Lorentz factor 
 and Doppler
actor δ, and permeated by a tangled magnetic field B , similar to
he leptonic framework. 
In addition to a non-thermal electron population, the emis-
ion region contains relativistic protons injected with a power-
aw energy distribution between γp, min and γp, max . Particle escape
s parametrized by an escape time-scale t esc = ηesc R/c , while the
article distributions are ev olv ed under st eady-stat e conditions
ccounting for radiative particle cooling and interactions. 
The relativistic electrons radiate through SSC processes, while

he high-energy component is dominated by proton synchr otr on
adiation and photohadronic ( pγ ) interactions. The proton syn-
hr otr on emission is calculated using the standard synchrotron
ormalism, 

 syn (ν) ∝ 

∫ 
N p (γp ) F 

(
ν

νc (γp ) 

)
d γp , (10) 

here N p (γp ) is the proton energy distribution and νc (γp ) =
3 eB 

4 πm p c 
γ 2 
p is the critical proton synchrotron frequency. The pγ in-

eractions ar e tr eated using the semi-analytical approach of M.
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Figur e 7. Br oad-band SEDs along with the one zone leptonic emission model fits for the epochs E 1 (top left panel), E 2 (top right panel), and E 3 
(bottom left panel) of PKS 0446 + 112. In all the fits, the blue line refers to the synchr otr on model, the gr een line refers to the SSC process, and the 
black line refers to the EC process. The red line is the sum of all the three components. The bottom-right panel shows the hadronic fit to the SED of the 
epoch E 2 . 
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öttcher et al. ( 2013 ), based on the t emplat es of S. R. Kelner &
. A. Aharonian ( 2008 ), which provide the spectra of secondary
hotons, neutrinos, and electr on–positr on pairs. The model self- 
onsistently accounts for secondary emission processes, includ- 
ng photons from π0 decay, synchrotron radiation from secondary 
 

± produced in charged pion and muon decays, and synchr otr on-
upported pair cascades initiated by internal γ γ absorption. This 
r amework w as applied to epoch E 2 of PKS 0446 + 112 and PKS
502 + 106, where the purely leptonic model could not adequately 
 epr oduce the observed γ -ray flux. The resulting best-fitting SEDs
re shown in Figs 7 and 10 , and the corresponding parameters are
isted in Table 8 . 
For PKS 0446 + 112, the hadronic modelling yields results that
re qualitativ ely consist ent with the findings of R. Khat oon,
. Boettcher & J. Robinson ( 2025 ). The very hard X-ray spec-
rum strongly constrains the possible contribution from hadronic 
rocesses, effectively ruling out a dominant proton-synchrotron 
omponent in the observed SED. Instead, the broad-band emis- 
ion is primarily electron-dominated, with only a subdominant 
adronic contribution at the highest energies. The derived model 
arameters exhibit near-equipartition between particle and mag- 
etic energy densities, with L B /L e ∼ 1 , indicating a physically
ell-balanced jet configuration. 
The predicted neutrino flux from photohadronic interactions is 

ound to be very low, consistent with the absence of a significant
 x cess r eported by the IceCube Neutrino Observatory apart from
he single neutrino alert. Overall, while a lepto-hadronic scenario 
an r epr oduce the observed SED, the hard X-ray spectrum implies
hat the emission is predominantly leptonic in nature during this 
poch. 
For PKS 1502 + 106, a satisfactory r epr oduction of the high-
nergy component r equir ed a hybrid scenario in which the low-
nd int ermediat e-energy emission is dominat ed by synchr otr on
nd SSC processes, while the γ -ray emission is primarily con- 
ributed by hadronic interactions. Although this configuration 
rovides a reasonable fit to the observed SED, the derived physical
arameters are rather e xtr eme. In particular, the r equir ed pr oton
inetic power is highly super-Eddington, and the electron energy 
istribution is characterized by a very hard spectral index ( ∼ 5 ),
hich is uncommon in standard shock-acceleration scenarios. 
hese factors suggest that, while the lepto-hadronic model can 
ormally r epr oduce the observed spectrum, the r equir ed physical
MNRAS 548, 1–16 (2026) 
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Figur e 8. Br oad-band SEDs along with the one zone leptonic emission 
model fits for the epochs E 1 (top panel), E 2 (middle panel), and E 3 (bottom 

panel) of TXS 056 + 056. In all the fits, the blue line refers to the syn- 
chr otr on model, the gr een line r efers to the SSC process, and the black 
line refers to the EC process. The red line is the sum of all the three 
components. 
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Figur e 10. Br oad-band SEDs along with the one zone leptonic emission model fits for the epochs E 1 (top left panel), E 2 (top right panel), and E 3 (bottom 

left panel) of PKS 1502 + 106. In all the fits, the blue line refers to the synchrotron model, the green line refers to the SSC process, and the black line refers 
to the EC process. The red line is the sum of all the three components. The bottom-right panel shows the hadronic fit to the SED of the epoch E 2 . 

Table 7. Results of the broad-band SED analysis carried out for the selected epochs of PKS 1424 −418, PKS 
1502 + 106, PKS 0446 + 112, and TXS 0506 + 056. The parameters p and q are the low- and high-energy power- 
law indices of the electron distribution, γb is the the break energy, R is the size of the emission blob in cm, 

is the bulk Lorentz factor, and B is the magnetic field in Gauss. In our modelling, we considered a minimum 

electr on Lor entz factor of γmin , e = 50 and a maximum of γmax, e = 9 . 5 × 10 5 . 

Source Epoch p q γb log (R) (cm) 
 B (G) 

PKS 0446 + 112 E 1 1.16 3.99 1156.3 16.99 12.54 0.34 
E 2 1.1 6.49 3890.6 17.42 50 0.34 
E 3 3.42 6.18 18 331 18.09 11.97 0.12 

TXS 0506 + 056 E 1 3.0 7.5 25 867 18.49 9.02 0.03 
E 2 2.93 4.7 26 153 18.6 11.91 0.02 
E 3 2.92 7.5 33 971.5 18.54 10.05 0.02 

PKS 1424 −418 E 1 2.29 6.84 3874.6 16.68 50 0.68 
E 2 2.17 4.36 3681.2 17.07 28.61 0.32 
E 3 2.25 5.13 2933.6 16.92 28.63 0.37 

PKS 1502 + 106 E 1 2.38 4.84 2215.2 16.72 28.9 0.36 
E 2 2.57 6.9 2000 16.81 29.6 0.70 
E 3 1.77 7.00 4702.78 16.88 29.63 0.35 
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M

Table 8. Results of hadronic model fits to epoch E 2 for PKS 0446 + 11 and 
PKS 1502 + 106. 

Parameter PKS 0446 + 11 PKS 1502 + 106 

Minimum Lorentz factor ( γmin ) 50 7 × 10 2 
Maximum Lorentz factor ( γmax ) 5 × 10 4 1 × 10 4 
Electron spectral index ( αe ) 1.7 5.0 
Magnetic field ( B [G]) 1.1 3 
Blob radius ( R [cm]) 3 × 10 16 3 . 5 × 10 15 
Bulk Lorentz factor ( 
) 20 35 
Observing angle ( θobs [ ◦]) 1 1 
A ccr etion disc luminosity ( L ) 1 × 10 46 1 × 10 46 
Black hole mass [ M �] 5 × 10 8 5 × 10 8 
E p, min [GeV] 1 1 
E p, max [GeV] 2 . 5 × 10 9 1 × 10 9 
Proton spectral index ( αp ) 1.9 2.0 
IR temperature T ext [K] 1 × 10 3 –
IR photon field u ext [erg cm 

−3 ] 1 . 5 × 10 −3 –
L e [erg s −1 ] 1 . 6 × 10 45 2 . 4 × 10 44 
L B [erg s −1 ] 1 . 6 × 10 45 5 . 1 × 10 44 
L p [erg s −1 ] 1 . 0 × 10 45 9 . 0 × 10 49 
L B /L e 1.02 2.11 
L B /L p 1.63 5 . 63 × 10 −6 
L e /L p 1.60 2 . 67 × 10 −6 
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onditions may be challenging from an energetic and theoretical
tandpoint. 

 DISCUSSION  AND  SUMMARY  

lazars are now increasingly found to be associated with neu-
rinos det ect ed by IceCube. These observations are therefore be-
inning to put constraints on the physical processes that happen
n the relativistic jets of these sources. The neutrino detection
long with simultaneous/near simultaneous follow-up observa-
ions over a r ange of w a velengths ha ve now enabled better under-
tanding of the broad-band SEDs of blazars, which also inv olv es
evelopment of theories or models involving leptons, hadrons,
nd photons (S. Gasparyan, D. Bégué & N. Sahakyan 2022 ; S. I.
tathopoulos et al. 2024 ; N. Sahakyan et al. 2024a ). These mul-
imessenger observations will help in a better understanding of 
heir relativistic jets. In this w ork, w e carried out such a study
n four neutrino blazars namely PKS 0446 + 112, TXS 0506 + 056,
KS 1424 −418, and PKS 1502 + 106. The r esults ar e summarized
elow. 

(i) Of the four sources studied in this w ork, w e found a tem-
oral correlation between neutrino detection and flaring γ -ray
ctivity in three sources, namely, PKS 0446 + 112, TXS 0506 + 056,
nd PKS 1424 −418. How ev er, w e found no t emporal correla-
ion between neutrino detection and γ -ray flaring activity in the
ource PKS 1502 + 106. Similarly, during the neutrino flare de-
 ect ed in the year 2014/15, in TXS 0506 + 056, no flaring activity
n γ -rays was noticed (A. Franckowiak et al. 2020 ). Ther efor e,
eutrino detection does not necessarily correspond to flaring
-ray activity. These findings consistent with earlier results (F.
ikonomou et al. 2021 ; R. Abbasi et al. 2023 ) underscore the
omplexity of blazar emission processes and indicate that neu-
rino emission in blazars may not necessarily coincide with their
aring γ -ray activity states. 
(ii) All the four sources are found to be variable in γ -rays.
oncentrating on the brightest γ -ray activity of the sources
which also corresponds to the epoch of neutrino detection in
NRAS 548, 1–16 (2026) 
KS 0446 + 112, TXS 0506 + 056, and PKS 1424 −418) we found
ux doubling/halving time-scale of 4.70, 9.24, 30.76, and 15.42
 in the sources PKS 0446 + 112, TXS 0506 + 056, PKS 1424 −418,
nd PKS 1502 + 106, r espectively. Fr om these observed flux dou-
ling/halving time-scale, we found the size of the emission re-
ion as 3.70 × 10 15 cm for PKS 0446 + 112, 7.47 × 10 16 cm for
XS 0506 + 056, 2.63 × 10 16 cm for PKS 1424 −418, and 7.04 ×
0 15 cm for PKS 1502 + 106. These values are found to lie in the
ange mentioned by J. Fan et al. ( 2023 ) through an analysis of 
housands of Fermi blazars. This points to a compact emission
egion within the relativistic jets of these sources. The difference
n emission region sizes from r apid v ariability and SED modelling
s expected. Variability traces compact sub - structur es r esponsible
or fast flares, while SED modelling reflects a larger averaged
 egion pr oducing the total flux. Thus, the tw o estimat es probe
ifferent physical scales within the jet. 
(iii) The location of the γ -ra y -emitting r egion (r elativ e t o the
entral black hole) was estimated using the observed flux dou-
ling/halving time-scales together with the bulk Lorentz factors
erived from the SED modelling (F. Tavecchio et al. 2010 ). 

 em 

� 

2 c 
2 τ

1 + z 
(11) 

e obtained distances of r em 

≈ 8 . 1 × 10 17 cm for PKS 0446 + 112,
 . 1 × 10 17 cm for TXS 0506 + 056, 2 . 2 × 10 18 cm for PKS
424 −418, and 1 . 0 × 10 18 cm for PKS 1502 + 106. These values
uggest that the location of the emission region is beyond the
ypical BLR radius ( 10 16 - 10 17 cm; G. Ghisellini & P. Madau 1996 ),
ut within the dusty torus ( 10 18 - 10 19 cm). Hence, the dominant
C emission mechanism will be the EC scatt ering of IR phot ons.
(iv) We also inv estigat ed the spectr al v ariations of the sources

n all epochs where both soft and hard γ -ray light curves could
e generated. For PKS 1424 −418 and PKS 1502 + 106, the dia-
rams suggest a tendency for spectral hardening with increasing
otal brightness, although the scatter in the data points prevents
rm conclusions. For TXS 0506 + 056, the data indicate a possible
oft er-when-bright er behaviour. 
(v) For all the sources, w e inv estigat ed the nature of the γ -

 ay spectr a in thr ee epochs, one corr esponding to the epoch of 
eutrino detection, the second one corresponding to a quiescent
ctivity of the sources, and the third one corresponding to a flar-
ng state of the sources. The spectra were well fit with a power
aw for the source PKS 0446 + 112. For the source TXS 0506 + 056,
ower -la w model fits the spectra well during epochs E 1 and E 2 ,
hile during epoch E 3 , log parabola model fits the spectrum well
ompared to the power -la w model. For the sources PKS 1424 −418
nd PKS 1502 + 016 a log parabola model was found to well ex-
lain the spectra. 
(vi) For the source PKS 1424 −418, all three epochs analysed in

his study are well modelled in the leptonic scenario. However,
. Gao, M. Pohl & W. Winter ( 2017 ), who inv estigat ed the source
uring different activity phases concluded that a lepto-hadronic
odel with a sub dominant hadronic component could explain
ts SED. A more recent investigation by X. Rodrigues et al. ( 2024 )
lso found the SED of PKS 1424 −418 to be compatible with a
eptonic model in agreement with the results presented in this
ork. 
(vii) For PKS 1502 + 106, the broad-band SEDs during both the
uiescent state (Epoch E 1 ) and the flaring state (Epoch E 3 ) were
uccessfully r epr oduced with a leptonic emission model incor-
orating synchr otr on, SSC, and EC pr ocesses. How ev er, during
poch E 2 , which corresponds to the time of the neutrino detection
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nd a faint γ -ray flux state, an additional hadronic component 
as r equir ed to e xplain the br oad-band emission (see bottom
ight panel of Fig. 10 ). Within the lepto-hadronic framework, the
igh-energy emission during this epoch is primarily attributed 
 o prot on synchr otr on r adiation and pγ inter actions. Although
his scenario provides a satisfactory fit to the observed SED, it
 equir es e xtr eme physical conditions, including a highly super-
ddingt on prot on kinetic pow er and an unusually har d electr on
nergy distribution. These energetic r equir ements suggest that, 
hile the hadronic contribution can account for the observed 
pectrum, the implied jet parameters are challenging from a phys- 
cal standpoint. 
he short variability time-scale and the probable detection of a 
eutrino during this epoch further support the presence of both 
eptonic and hadronic emission mechanisms. Modelling of the 
r oad-band SED of PKS 1502 + 106 acr oss thr ee activity states, in-
luding the neutrino detection epoch, was previously carried out 
y X. Rodrigues et al. ( 2021 ). We note here that our identification
f flaring and quiescent epochs was based on visual examination 
nd the r equir ement of multiband data. In contr ast, X. R odrigues
t al. ( 2021 ) identified flaring periods using Bayesian block anal-
sis and defined the quiescent state based on flux measurements 
uring a low-activity period. They found that hadronic models 
an account for the multiwavelength emission during all three 
tates as well as the observed neutrino signal during its quies-
ent state. A similar scenario is observed in another neutrino 
ource, PKS 0735 + 178, for which SED modelling indicates that
he quiescent state r equir ed a photomeson pr ocess to e xplain the
mission, whereas the flaring state, which coincided with the 
eutrino detection epoch, could be adequately explained by a 
ne-zone leptonic model (A. Acharyya et al. 2023 ; N. Sahakyan 
t al. 2023 ; A. M. Bharathan et al. 2024b ; R. Prince et al. 2024 ; A.
meliukh et al. 2025 ). 
(viii) For the source PKS 0446 + 112, while the SEDs of the qui-
scent and flaring episodes are well r epr oduced by pur ely leptonic
rocesses, the epoch of neutrino detection (Epoch E 2 ) r equir ed an
dditional hadronic component to account for the observed high- 
nergy emission. The very hard X-ray spectrum during this epoch 
trongly constrains the contribution from proton synchrotron 
adiation, implying that the emission remains largely electron- 
ominated with only a subdominant hadronic contribution. The 
erived model parameters are close to equipartition ( L B /L e ∼ 1 ),
ndicating a physically plausible jet configuration. The predicted 
eutrino flux in this scenario is very low, consistent with the
bsence of a significant e x cess r eported by IceCube apart from
he single neutrino alert. 
(ix) For TXS 0506 + 056, all the three epochs analysed in this
ork including the one coinciding with the 2017 IceCube- 
70922A are well explained by a purely leptonic emission sce- 
ario. Pr eviously, M. Petr opoulou et al. ( 2020 ) modelled the
road-band SED of the source using contemporaneous data in 
ptical, X-r ay, and γ -r ay energies across four epochs, including
he period 2014–2015, during which a neutrino flare with a signif-
cance of 3.5 σ was reported from the direction of TXS 0506 + 056
IceCube Collaboration 2018a ). They found the SEDs are consis- 
ent with a h ybrid scenario , where the γ -ra ys ar e pr oduced by
C processes and the observed neutrinos arise from photomeson 
rocesses of co-accelerated protons. The difference in the pre- 
erred emission scenarios across epochs, purely leptonic in some 
ases (this work), and hybrid leptonic process in other epochs (M.
etropoulou et al. 2020 ) may be due to (a) the varying dominance
f leptonic and hadronic components at different epochs, (b) 
he emission originating fr om differ ent r egions during differ ent
pochs, and/or (c) complex physical processes not fully captured 
y current models. 

This work underscores the importance of coordinated multi- 
avelength and multimessenger observations to unravel the com- 
lexities of blazar jets. It is anticipated that more neutrino blazars
ill be det ect ed in the future with the current as well as future
eutrino experiments. As of now, we are aware of two sources,
amely, TXS 0506 + 056 and PKS 1502 + 106, that were in a low γ -
ay flux state at the time of IceCube neutrino detections. With
n increasing number of det ect ed neutrino blazars, it is likely
hat mor e sour ces e xhibiting similar behaviour will be identified.
iming, spectral, and SED model fits to a large sample of neu-
rino blazars will further help to refine our understanding of the
hysical mechanisms of these enigmatic sources. 
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