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Main conclusions 

• The radio core-dominance parameters can be taken as 
a good indicator for the study of beaming effect in 
gamma-ray blazars.

• Our derived result on the gamma-ray Doppler factor 
suggest that the gamma-ray emission of blazars is 
strongly beamed.

• We predict that the blazars candidates of neutrino 
emitters are potentially strongly Doppler boosting 
sources.



Outline
1. Introduction; 

2. Radio core dominance (just mentioned); 

3. The gamma-ray Doppler factor; 

4. Summary.
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Standard model of AGNs

Chapter 1. Introduction and motivation 5

can range from 106 to 1010 solar masses (1 M� = 1.989 x 1030 kg), as shown
in Figure 1.1. The parameters of each feature vary. A supermassive black
hole of mass 108 M� can have a narrow line region 1013 km to 1015 km in
length, an obscuring torus inner radius of 1012 km, and a black hole radius of
108 km. It is worth noting that radio jets can extend to lengths longer than
individual galaxies themselves, from 1012 to 1019 km [12].
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Figure 1.1: Unification of AGN, not to scale. The viewing angle of the ob-
server with respect to the jet axis determines what class of object is seen.

Original image, modified from [12] and [14].

Active galactic nuclei can be further divided as being radio quiet or radio
loud. Radio quiet galaxies include seyfert galaxies and quasars. Within
the radio loud classification, there exist radio galaxies, quasars and blazars,
blazars being characterized by a jet pointing direction that is nearly along
the line-of-sight [8], [5], as well as nonthermal radiation from within the jet,
that is doppler boosted and variable with respect to time [8].

Modified and edited from 
the original image, see Urry 
and Padovani (1995, PASP)
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144 6. AGNS & EBL

Leptonic Emission Models

Leptonic models explain the radiation in the optical to X-ray bands as synchrotron
radiation from a population of non–thermal electrons, while the VHE �–rays are
proposed to originate from the upscattering of low energy photons by electrons
via the IC process (see Figure 6.17).

Figure 6.17: Illustration of the leptonic emission model (Courtesy A. de Angelis).

Depending on the nature of the radiation field involved, different models of
varying complexity have been proposed. The simplest case is a SSC model, where
the synchrotron photons act as seed photons of the VHE �–rays produced by
IC scattering assuming one zone as emission region limiting the involvement of
electrons to one single population from one region responsible for the homogenous
emission [307].

The one–zone SSC model consists of the following input parameters:

B the magnetic field intensity
R the radius of emitting region
� the Doppler factor
n1 the spectral index of the relativistic electron spectrum below the break
energy
n2 the spectral index of the relativistic electron spectrum above the break
energy
�b the Lorentz factor of the electrons at the break energy
K the electron density parameter

Usually, the observed spectral shape of the SED requires a primary spectrum
of the relativistic electron population to steepen with increasing energy, wherefore
it is approximated with a broken power law, whose spectral index changes from
n1 > 3 to n2 < 3, at the break energy at �b (see Figure 6.18).

In addition, the electron spectrum is characterized by a minimal, maximal
Lorentz factor �min and �max and an electron density parameter K:

N(�) =

�
K��n1 if � < �b

K�n2�n1
b ��n2 if � > �b

(6.9)

With this approximation and the inclusion of the magnetic field intensity B,
the size of the emission region R and the doppler factor �, the SSC model is
completely specified by seven parameters.

Figure 3.1: Illustration of the leptonic emission model for a typical blazar (Image crdits: A.
de Angelis).

introduce these two scenarios in the following subsections.

3.2.1 Leptonic Models

In leptonic models the primary assumption is of a homogeneous spherical medium or blob
containing a randomly-oriented magnetic field and moving down the jet towards the observer
with a Lorentz factor � . The radiation in the jet frame is boosted in the observers’ frame due
to the relativistic Doppler beaming effect (see the details in Chapter 4). The blob is assumed
to be filled with a homogeneous distribution of relativistic electrons injected as a power-law
distribution. The leptonic emission models can explain well the fast variability observed in
blazars owing to fast cooling time of the leptons.

Leptonic models can explicate the radiation in the optical to X-ray bands as synchrotron
radiation from a population of non-thermal electrons, while the VHE gamma-rays are proposed
to produce from the upscattering of low energy photons by electrons via the inverse Compton
(IC) process. Probably the two mechanisms are present simultaneously in blazars (see the
illustration in Figure 3.1).

The lower energy SED peak is attributed to the synchrotron radiation by the relativistic
electrons in presence of the tangled magnetic field inside the blob and the electron distribution
sustains a break in their spectrum due to the radiative cooling. However, the radio emission
cannot be explained by the synchrotron radiation of the electrons that induce the optical
photons. The radio photons are believed to originate from a different zone in much more
extended regions of the jet. This is in agreement with the current observational incompatibility
that the Doppler factor measured from radio observations are much lower than that required

Illustration of the leptonic model for a typical blazar 
Image credit: A. de Angelis

IC
synchrotron self-Compton (SSC) BL Lacs

external inverse Compton (EC) FSRQs



Fermi-LAT Fourth Catalog 
(4FGL)

(Imagecredit: Fermi-LAT collaboration)

5788 gamma-ray objects 
  ~ 60% AGN 
(98% blazars)



Census of Sources in 4FGL

Fourth catalog for Fermi Gamma-ray LAT (4FGL)

Version

Energy Range

Duration

Sources

Blazars

BL Lacs

FSRQs

BCUs

DR 1 DR 2

8 years 10 years

50 MeV-1 TeV 50 MeV-1 TeV

5064 5788 (+724)

3137 3421 (+284)

1132 1191 (+59)

694 733 (+39)

1312 1498 (+186)



Census of Sources in 4FGL

Fourth catalog for Fermi Gamma-ray LAT (4FGL)

Version

Energy Range

Duration

Sources

Blazars

BL Lacs

FSRQs

BCUs

DR 1 DR 2

8 years 10 years

50 MeV-1 TeV 50 MeV-1 TeV

5064 5788 (+724)

3137 3421 (+284)

1132 1191 (+59)

694 733 (+39)

1312 1498 (+186)

DR 3 are soon released (+248 blazars) 
Stay tuned!



Relativistic Beaming Effect

δ = 1
Γ(1−β cosφ)

Γ = 1
1−β 2 , β ≡ v

c

Doppler factor:

Lorentz factor:

Sob =δ pSin

2+α for continuous jets 
3+α for spherical blobs



Scoring the Beaming!

beaming  
effect

core-dominance parameter

Doppler factor

SED fitting

radio variability
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The radio emission is consisted of two components, 
namely the core and the extended emission.	

Radio core-dominance parameter

R = Score
Sextend

OJ 287 163

5.2.3 Long-term Total Intensity Lightcurves

Please refer to Section 4.2.4 for additional details. Long-term total intensity light-

curves from late 2008 until 2014.1 were obtained from �-ray to cm wavelengths

at (i) 0.1-300 GeV, (ii) 350 GHz (0.87 mm), (iii) 225 GHz (1.3 mm), (iv) 86.24 GHz (3

mm) and (v) 43 GHz (7 mm). These light curves are presented in Fig. 5.4.

FIGURE 5.1: A comparison of VLBI maps of OJ 287 at 15, 43 and 86 GHz. All maps
are convolved with their natural beam. Contours: -1, 1, 2, 4, 8, 16, 32, 64%.

FIGURE 5.2: A comparison of super-resolved VLBI maps of OJ 287 at 15, 43 and
86 GHz. 15, 43 and 86 GHz maps are convolved with 0.3 mas, 0.1 mas and
0.05 mas beams respectively. Contours: -1, 1, 2, 4, 8, 16, 32, 64%. Plots anno-
tated with location of components C and S. Component M is located between

C and S in the 3 mm map.

(Super-resolved VLBI maps of OJ 287 at 15 GHz)



We collected a largest catalog with available  
radio core-dominance parameters (log R), up 
to 4388 sources. Based on 4FGL, we compiled 
584 Fermi blazars and 1310 non-Fermi 
blazars with log R. FBs consisted of 252 BL 
Lacs, 283 FSRQs and 49 BCUs. We use 
these data to study the beaming effect and 
radio dominance of Fermi blazars.

(Pei+2020, SCPMA, 63, 259511; 
see also Pei+2020, PASP, 132, 4102)

The catalogues are available in VizieR: 
http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=VIII/108 

Radio core-dominance parameter

http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=VIII/108


Comparison of logR between 
FBs and non-FBs 

K-S test: p=3.428×10−31

=0.627±0.982
=0.097±0.869

FBs : < log R >    
non-FBs : < log R >  
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• Deduced by a synchrotron self-Compton (SSC) (δssc, e.g., Ghisellini et al. 
1993) 

• Derived from adopting single-epoch radio data by assuming that the 
sources hold an equipartition of energy between radiating particles and 
magnetic field (δeq, e.g., Readhead 1994) 

• Estimated using the radio flux density variations or brightness 
temperature denoted (δvar, e.g., Lähteenmäki & Valtaoja 1999; Fan et al. 
2009; Hovatta et al. 2009; Liodakis et al. 2018). 

• Constrained from SEDs fitting model (e.g. Chen 2018).

• etc.

However, discrepancies exist!!  

Gamma-ray Doppler factor 



(1) X-ray is produced in the same region as γ-rays, and 
the intensities of X-ray and γ-ray are semblable 
when γ-ray emission is observed;

(2) the emission region is spherical; 
(3) the emission is isotropic, and the size of the emission 

region is constrained by the time scale of variability, 
︎ΔT, to be less than Rsize=cδ ︎ΔT/(1+z). 

In our work, some assumptions need to be taken into 
account (Mattox et al. 1993; Fan et al. 2013, 2014)) 

Methodology 



then we derive the optical depth for the pair 
production expressed by

τ =2×103 1+ z( )/δ⎡⎣ ⎤⎦
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and considering the luminosity distance in the form of

dL =
c
H0
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∫ ,

thus the optical depth τ can be rewritten into
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Therefore, the lower limit on γ-ray Doppler factor can be 
estimated if we assume the optical depth dose not exceed 
unity (Mattox et al. 1993; Fan et al. 2013, 14)

(Pei+2020, PASA, 37, 43)

Methodology 



    Sample    Overall 809 blazars (342 FSRQs+467 BL Lacs)

δγ |FSRQ =6.87±4.07
δγ |BLL = 4.31±2.97

507 sources with radio core
dominance parameters (Pei+2020)



alternative assumption (i)
∆T = 6 hs  ∆T = 48 hs  

δγ
6hs ∼1.32δγ

24hs δγ
48hs ∼0.87δγ

24hs

alternative assumption (ii)

δ continuous =δ sphere
4+2α( )/ 3+2α( )

(Ghisellini et al. 1993) 

logδγ
2+α ∼1.14logδγ

3+α
(This work) 

Discussion (I)



Discussion (II)



Implication:
(i) Jet bending: If a bend in the jet takes place at upstream of the γ-
ray emission region and downstream of extended radio-emitting region, 
probably resulting in a γ-ray-loud but radio-quiet AGN. 
 

Discussion (II)

Probing the peculiar jet kinematics in the blazar 3C 454.3 99

Figure 5.2: Left: The arc-like structure, detected in the jet of 3C 454.3. Middle: A
cartoon of a physical model that explains such arc-like structures. Right: Conceptual
illustration of a possible jet geometry that can cause the observed quasi-periodic oscillating
activity in 3C 454.3. Image credits: Britzen et al. (2013), Zamaninasab et al. (2013), and

Sarkar et al. (2020) respectively.

knots were ejected along di↵erent position angles with respect to the average jet axis,
implying the possibility of a precessing jet nozzle.

Britzen et al. (2013) reported another remarkable behaviour of 3C 454.3. The kinematic
analysis during the period 1995.57 to 2005.76, at 15 and 43 GHz, revealed the formation of
an arc-like structure at a radial distance of ⇠2 mas, which can be seen in the left panel of
Fig. 5.2. This peculiar arc of VLBI components appeared to move with an apparent speed
of ⇠9 c for more than 14 years. A possible physical interpretation for the formation of this
structure is suggested to be the ejection of an arc-shaped feature, which propagates along
the jet. An alternative interpretation of this structure is jet precession, in which the jet axis
points in di↵erent directions with time. In this model, the arc is the result of projection
e↵ects and relativistic amplification. A third possible scenario is the existence of a helical
jet/magnetic field that is illuminated by a propagating shock, revealing extended and faint
regions of the jet. Zamaninasab et al. (2013), based on multifrequency polarimetric VLBI
imaging of the outflow postulated that an ordered helical magnetic field dominates the
parsec-scale jet of 3C 454.3. Magnetohydrodynamic simulations showed that the observed
jet structure could result from large-scale poloidal magnetic fields at the jet base that
evolve into a helical magnetic field further downstream. Based on these results, the authors
suggest that the arc-like structure started as “a sudden injection of energy” at the jet
apex. This disturbance moved downstream on the jet, illuminating the faint outer regions
(middle panel of Fig. 5.2). Other alternative scenarios, such as jet nozzle precession with a
period of ⇠14.5 yr was suggested by Qian et al. (2014). The driving force in such a system,
according to the authors, is a spinning SMBH in the center of the AGN, surrounded an
accretion disk. The jet precession in this model is caused by frame-dragging (Lense-Thirring
e↵ect). Many studies also examined the scenario of a binary black hole system, which its
orbital motion causes the jet precession (Gu et al. 2001; Vol’Vach et al. 2008; Li et al.
2015). These scenarios, however, are a↵ected by severe limitations, as they described by
many parameters and lying on many assumptions (Zamaninasab et al. 2013; Qian et al.
2014). Recently, Sarkar et al. (2020) reported the detection of quasi-periodic oscillation in
the �-ray and optical flux variability of 3C 454.3. Among the di↵erent physical models that
they tested, the most plausible interpretation of this quasi-periodicity is to be caused by



Implication:
(ii) Variability timescale: Suggesting that the on average, variability 
timescale for Fermi-detected blazars is around 1.5∼2h; however, we 
cannot reach firm conclusions. 

 

ΔT∼2 h

ΔT∼1.5 h

Discussion (II)



The γ-ray Doppler factor of neutrino emitter candidates 
are relatively quite high, suggesting these sources are 
also possibly strongly Doppler-boosted, e.g.
• TXS 0506+056 (4FGL J0509.4+0542), we report δγ=4.25

• PKS 1502+106 (4FGL J1504.4+1092), We derive δγ=13.41. For 
comparison, Chen (2018) obtained δ=23.80 and 13.77 for Liodakis et 
al. (2018).

• RXJ1022.7-0112 (4FGL J1022.7-0112), we have δγ=21.22.

• TXS 0628-240 (4FGL J0630.9-2406), δγ=10.43 are reported in our 
work. Chen (2018) has shown δ=51!

• PKS B1424-418 (4FGL J1427.9-4206), a PeV neutrino candidate, 
δγ=11.40 are obtained in our paper. (Pei+2020, PASA, 37, 43)

Discussion (III)
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Conclusions 

• The radio core-dominance parameters can be taken as 
a good indicator for the study of beaming effect in 
gamma-ray blazars.

• Our derived result on the gamma-ray Doppler factor 
suggest that the gamma-ray emission of blazars is 
strongly beamed.

• We predict that the blazars candidates of neutrino 
emitters are potentially strongly Doppler boosting 
sources.

• The estimation on the gamma-ray Doppler factor are 
higher than that from the radio band is believed to 
be due to the jet bending in those blazars.



LOC Announcement



18:30, tonight

⼴广百百货，8楼 
喜客喜宴
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Thank you for your attention!
谢谢！




