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Abstract: We use the distributions of spectral indices (ay) of a large homogenous sample of Fermi-detected blazars
to re-investigate the relationship between flat spectrum radio quasars (FSRQs) and subclasses of BL Lac objects (BL
Lacs). We compute the broadband synchrotron and Compton spectral indices from radio-to-X-ray and X-ray to y-ray
bands, respectively. Analyses of our data show continuity in the distributions of the spectral indices from FSRQs to HSP
through LSP and ISP subclasses of BL Lacs. We find from y-ray luminosity distribution that the jetted radio galaxies form
the low-luminosity tail of the distribution, which is suggestive that the sequence can be extended to the young jetted
galaxy populations. We observe a significant difference in the shape of Compton and synchrotron spectra: significant
anti-correlation (r ~ —0.80) exists between the broadband Compton and synchrotron spectral indices. Furthermore, the
broadband spectral indices vary significantly with redshift (z) at low redshift (z < 0.3) and remain fairly constant at high
(z = 0.3) redshift. The trend of the variations suggests a form of evolutionary connection between subclasses of blazars.
Thus, while selection effect may be significant at low redshift, evolutionary sequence can also be important. Our results
are not only consistent with a unified scheme for blazars and their young jetted galaxy counterparts but also suggest that
the broadband spectral sequence of blazars is not a secondary effect of redshift dependence.
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and Padovani 1995; Blandford and Rees 1978). Blazars are
derived from two distinct AGN populations, namely: flat
spectrum radio quasars (FSRQs) and BL Lacertae objects
(BL Lacs). The major difference between the two broad
subclasses depends on the nature of their optical emis-
sions. While FSRQs are known to have strong emission
lines, similar to those of normal quasars, BL Lacs are char-
acterized by very weak or no emission lines, with typical
equivalent width (EW) < 5 A (see e.g. Scarpa and Falomo
1997; Padovani 2007). According to the unified schemes,
blazars are simply radio galaxies with their radio jets form-
ing a small angle with respect to the line of sight (Urry and
Padovani 1995). The long-standing orientation-based unifi-
cation scheme for radio-loud AGNs proposes BL Lacs and
FSRQs as counterparts to Fanaroff-Riley type I and II (FR
I and FR II) radio galaxies, respectively, based on similar
spectra, morphologies and range in extended radio lumi-
nosity (Urry and Padovani 1995). However, violations to this

1 Introduction

Blazars are exciting subclass of active galactic nuclei (AGNs)
that are thought to be very bright and inconsistent sources
of high energy (Abdo et al. 2009, 2010a; Yefimov 2011). They
reportedly have other outstanding observational features
like large and variable luminosity, continuous spectral en-
ergy distributions (SEDs), apparent superluminal motions,
high and variable polarization and very active GeV to TeV
y-ray emissions (Andruchow et al. 2005; Abdo et al. 2010b;
Yang et al. 2018). The strong non-thermal continuum emis-
sions from these objects cover the whole electromagnetic
spectrum from a relativistic jet observed along the line of
sight, thus, giving rise to relativistic magnification (Urry
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scheme are well-known and findings of powerful FR II-like
BL Lacs, low radio-power FSRQs and BL Lacs exhibiting
broad lines in low continuum states (e.g. Kharb et al. 2010;
Raiteri et al. 2016) appear to break this simple dichotomy
between the powerful edge-brightened FR II galaxies and
low-power edge-darkened FR Is.
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The typical spectral energy distribution (SED) of
blazars exhibits double peaks, usually attributed to syn-
chrotron and inverse Compton radiation from the relativis-
tic jets, which dominate in blazars due to the alignment of
the jet axis close to the line of sight (B6ttcher 2007). For
majority of blazars, the synchrotron peaks are usually lo-
cated between the radio to X-ray frequencies (Giommi et
al. 1995) while the Compton peaks are located in the y-ray
regime (e.g. Finke 2013). However, some blazars are known
to have Compton peaks in TeV y-ray frequencies (Li et al.
2010). Obviously, the synchrotron peak frequency (vpeqi)
may take on a wide range of values (from 10*? to 10?° Hz
at the extremes) and is one of the principal ways to clas-
sify individual blazars. While the FSRQs are found to have
10w Vpeqi (<10™> Hz), BL Lacs are found to span the entire
range (e.g. Ackerman et al. 2011). Thus, BL Lacs are conve-
niently classified into high-synchrotron peaked (HSP), with
synchrotron peak frequency in the range log v;{3 i (Hz) > 15,
intermediate synchrotron peaked (ISP) with 14 < log vs"; X
(Hz) < 15 and low synchrotron peaked (LSP) with log v py; )
(Hz) < 14, (e.g. Abdo et al. 2010a; Ackerman et al. 2011).

The mechanisms of the continuum emission as well
as the relationship between the different subclasses of the
blazars have been the subject of several investigations and
a wide range of results have been reported (e.g. Comas-
tri et al. 1997; Fossati et al. 1998; Xie et al. 2001; Cellone
et al. 2007; Abdo et al. 2010c; Gaur et al. 2010; Lister et
al. 2011; Urry 2011). However, blazar phenomena are often
interpreted in the framework of relativistic beaming (Kol-
lagaard 1994) of radiation from the jets pointing close to
the line of sight, which suggests an orientation connection
between different classes of the blazars. On the other hand,
it is widely argued that FSRQs and BL Lacs are different
manifestations of the same physical process that differ only
by bolometric luminosity (Fossati et al. 1998; Ghisellini
et al. 1998, e.g.). Recent results (e.g. Odo et al. 2017) also
seem to provide substantial evidence that FSRQs can evolve
into BL Lacs through luminosity evolution. In fact, using
an analytic model for the synchrotron-self-Compton and
Compton-scattered external radiation from blazar jets, an
evolutionary scenario that links these blazar subclasses
in terms of a reduction of the black-hole accretion power

with time has also been proposed (Ajello et al. 2014, e.g.).

All these suggest a trend in variation of spectral properties
of blazars from FSRQs through LSPs and ISPs to the HSPs
at the extreme of the continuum (e.g. Fossati et al. 1998;
Giommi et al. 2012).

The spectral energy distributions of these objects dis-

play notable stability and follow the unified scheme which
argues that the blazar sequence is valid, although the main
mechanisms responsible for the relationships among the
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subclasses remain inconsistent as their individual emission
continuum forms are significantly different (Sambruna et
al. 1996; Ghisellini et al. 1998). Although the paradigm of
synchrotron and inverse Compton scattering by leptonic
processes in the jets pointing close to the line of sight has
been remarkably successful in modelling the broadband
spectral energy distributions of blazars, many fundamen-
tal issues remain, including the role of hadronic processes.
Moreover, a class of y-ray-emitting radio galaxies, which are
thought to be the misaligned counterparts of blazars, has
emerged from the results of the Fermi-Large Area, as well
as Cherenkov telescopes (Teng et al. 2011; Rani 2019). Soft
y-ray emission has also been detected from a few nearby
Seyfert galaxies, though it is not clear whether those y-rays
originate from the nucleus (Teng et al. 2011). Thus, blazars
and these misaligned counterparts are believed to make up
the MeV - GeV - TeV extragalactic y-ray background, which
are recently suspected of being the sources of high energy
cosmic rays (e.g. Palladino et al. 2019). These misaligned
jetted AGNs are thus expected to be part of the unified se-
quence for y-ray loud populations.

An important aspect of the blazar sequence that has
gained attention of authors (e.g. Finke 2013; Giommi et
al. 2013; Nalewajko and Gupta 2017) is the relationship
between low energy and high-energy components of the
SED. Fossati et al. (1998) introduced a broad band param-
eter, namely, y-ray dominance (Dg), defined as the ratio
of y-ray luminosity (Lg) to the luminosity at synchrotron
peak (L) and found strong anti-correlation between the
parameter and synchrotron peak frequency (vp) for the
EGRET blazars, which the authors used to argue for a blazar
sequence (see also Odo and Aroh 2020). Another parame-
ter that relates the low- to high-energy components of the
SED is the spectral index (a). This parameter is often de-
fined between two frequencies in the low and high energy
regimes (e.g. Abdo et al. 2010a). A major argument against
this parameter is that it is somewhat redshift-dependent
(e.g. Athreya and Kapahi 1998), which needs to be corrected
for in source samples. Comastri et al. (1997) discovered that
there is a significant anti-correlation between the broad-
band spectral indices from radio to optical (ar,) and optical
to X-ray (@ox) of BL Lac objects and FSRQs. The correlation
between the broadband spectral indices obtained by Co-
mastri et al. (1997) was interpreted to mean that there is a
difference in shape of overall energy distributions of blazars
from radio to X-ray energies. More detailed analyses of the
broadband energy distributions of various blazar samples
show that while most FSRQs and LSP-BL Lac have simi-
lar spectral properties, HSP-BL Lac appear to be different,
which does not support a blazar sequence, but neverthe-
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less, provide substantial evidence for a unified scheme for
the blazars.

Although blazar unification through broadband spec-
tral indices appears to have been well studied up to X-ray
band by several authors (e.g. Nieppola et al. 2006; Fan et
al. 2016), it is still poorly studied up to the y-ray band due
mainly to inadequacy of modelled y-ray data for a vast ma-
jority of blazars. However, since y-ray is almost exclusively
due to inverse Compton scattering of relativistic particles
in the jets it is becoming increasingly important in blazars
for modelling their Compton spectra (Finke 2013; Dermer
and Giebels 2016). In this paper, broadband spectral in-
dices of a large sample of Fermi-LAT AGNs are statistically
examined up to y-ray band, with a view to understanding
the nature of the relationship between synchrotron and
Compton spectra of various subclasses of blazars.

2 Theory of Relationships

The low energy component of blazars, ranging from radio
to X-ray is often attributed to synchrotron process while
the highest energy end from X-ray to y-ray is linked to in-
verse Compton process in the jets (e.g. Finke 2013). Thus,
several authors adopted some proxy parameters, which
depend on broad band spectral energy distribution, as
well as frequency at synchrotron peak (vp), to study the
blazar sequence (Fossati et al. 1998; Finke 2013; Nalewa-
jko and Gupta 2017). Among the proxy parameters that are
frequently used is the effective broad-band spectral index
(a1-3), usually defined between two frequencies (e.g. Led-
dden and Odell 1985) as:
o 1)

a1-2 fog (%) M
where F; and F, are the observed radiation fluxes at the
frequencies v, and v, respectively. While there is consider-
able overlap of synchrotron and inverse Compton emissions
in the X-rays for a large population of blazars, it is often
convenient (e.g. Finke 2013) to refer to the radio-to-X-ray
broadband spectral index (a,x) as synchrotron spectral in-
dex (asyn), because it arises mainly from the synchrotron
spectrum. Similarly, X-ray to y-ray spectral index (axy) is of-
ten (e.g. Finke 2013) referred to as Compton spectral index
(acom), because it arises mainly from inverse Compton spec-
trum. Although, it is now well known that extreme high
energy peaked BL Lacs with synchrotron peaks up to GeV
energy are emerging from recent observations, suggesting
that GeV emissions are not pure Compton spectra, statis-
tics of such objects are still limited (e.g. Foffano et al. 2019).

DE GRUYTER

In fact, only 55 objects in 3¢ Fermi-Large Area Telescope
(Fermi-LAT) blazar catalogue were reported to have been
detected in TeV energy (Ackerman et al. 2015) and the TeV
Compton spectra of these extreme objects are yet to be un-
ambiguously modelled (Ackerman et al. 2015; Foffano et
al. 2019). Hence, statistical population properties of y-ray
loud blazars still rely on the Fermi-LAT data, for which this
assumed spectral modelling still remains valid.

The spectral luminosity (Py) of a radio source at red-
shift (z) is related to its spectral flux density (Fy) at observ-
ing frequency (v) according to the relation (e.g. Ubachukwu
et al. 1993)

Py =Fd}(1+2)%7t, @)

where d; is the luminosity distance, which can be defined
in the modern concordance cosmology in the form (e.g.
Alhassan et al. 2019)

d; = Hy! / [(1 +2)2(1+Qmz) -2 (2 +2) QAF/Z dz (3)
0

where Qn and Q, are respectively, the contributions of
baryonic matter and cosmological constant to the total en-
ergy of the universe (Qg = Qm + Qy).

However, for a complete sample with a flux density cut-
off atF, = F., equation (2) can be written in the form (e.g.
Ubachukwu et al. 1993; Alhassan et al. 2013):

P = 4nd}SyH(Sy - So)(1 +2)*L, (4)

where H(F, - F,) is the Heaviside step function given by:

)

H(Fy - Fe) = {OifFV>FC}.

1if F, < F;

Eq. (4) can be used to show a simple power law P, — z
relation (e.g. Ubachukwu et al. 1993) as

(6)

where Py = Py (Qo, Ho, ¢) and A ~ ay — 1 is the slope of the
Py - z data. Thus, in flux density limited samples, sources
bunch up close to the flux limit due to Malmquist bias, with
a strong correlation between P, and z.

Several authors (e.g. Alhassan et al. 2013; Odo et al.
2014) have shown theoretically and observationally that
for low density universe, there is a steep change in A (and
hence, ay) between low redshift (z < 0.3) and high redshift
(z= 0.3) source samples. An obvious implication of all these
is that the spectral index is redshift dependent (e.g. Athreya
and Kapahi 1998) and should be accounted for while using
the parameter to study specific predictions of any unified
scheme.

log Py =log Py + Alog (1 + 2)
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In the relativistic beaming model - a theoretical frame-
work that has been remarkably successful in explaining the
rapid variability of radiation flux from blazars, the observed
spectral flux (F,,;) depends strongly on the viewing angle
() and is related to the intrinsically emitted flux (F;,) by
(Lind and Blandford 1985; Li et al. 2017; Pei et al. 2019):

Fops = sanim (7)

where n is a jet model dependent factor which is either 2
or 3 for continuous jet or blob models, respectively, and
8 = [ (1 - Bcos )] " is the Doppler enhancement factor,
withI" = (1 - B?) w12 being the Lorentz factor of jet material
and f is the jet component speed in units of the speed of
light.

Recent analyses (e.g. Chen et al. 2016; Odo et al. 2017)
have provided evidence that orientation and relativistic
beaming are imperative in explaining variations of high
and low energy emissions from blazars. This is evidently in
agreement with Giommi et al. (2013) that there is a relation-
ship between high and low energy flux of blazar samples.
However, the fact that high energy sources have small lin-
ear sizes implies that high energy emissions are from the
core and are relativistically beamed (Savolainen et al. 2010).
Therefore, we can represent using equation (7), a sequence
of orientation of the jets to the line of sight using a system-
atic trend in variation of high energy flux from FSRQs at
high energy flux to HSPs at low energy flux. In addition,
the discovery of high energy neutrino flux associated with
blazars (TXS 0506 + 056 for example) has released a sce-
nario that will help comprehend the fundamental physical
processes in blazars (Ice Cube Collaboration 2018). The
neutrino flux (Fy) is found to correlate significantly with
high energy flux (Fg) in blazars which is expressed (e.g.
Palladino et al. 2019) as:

Fy=~yFg (8)

where i is a parameter that quantifies neutrino production
efficiency from accelerated cosmic rays within the jet. The
blazar radiation model (Keivan et al. 2018) and the neutrino
emission around blazars can be fully explained by applying
equation (7). A clear consequence of this scenario is that
neutrino emission from blazars can also be accommodated
in a beaming model of blazar unified scheme and should
also give rise to a sequence across different subclasses of
y-ray loud blazars.
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3 Data Sample and Results

From the third catalogue of Active Galactic Nuclei detected
by the Fermi-Large Area Telescope (Fermi-LAT), compiled
by Ackerman et al. (2015) and Acero et al. (2015), we select
a sample of 1081 blazars with clear optical identification:
461 FSRQs and 620 BL Lacs. First, we collect the monochro-
matic luminosities of the objects from the available 1.4 GHz
in radio, 1KeV in X-ray and I-GeV Fermi-LAT y-ray data. In
order to have a well-defined sample, we did not consider
any candidate blazars of unknown type (BZU) from either
sample. Most objects in current sample have been detected
in various earlier surveys, which enabled a characteriza-
tion of their spectral energy distributions using empirical
relationships between low and high energy flux (Acero et al.
2015; Ackerman et al. 2015). There is considerable overlap
in the data samples presented by the two groups of authors,
and hence, for homogeneity, we take all relevant informa-
tion, including SED classification and synchrotron peak
frequency from Acero et al. (2015). Out of the 1081 blazars,
only 680 objects have complete information on all three
monochromatic luminosities of interest. The 680 objects
which form the sample for current investigation include
279 FSRQs, 130 LSPs, 133 ISPs and 138 HSPs. For all objects
in our sample, we calculate the synchrotron and Compton
spectral indices from the available monochromatic proper-
ties. Throughout the paper, we adopt the modern concor-
dance (A — CDM) cosmology with Hy = 70 kms 'Mpc ™! and
Qo =0m+Qy =(Qm =0.3; Q4 =0.7). The energy spectral
index ay is defined such that F, ~ v, For a complete dis-
cussion of the unified scheme, we include eight (8) known
young, jetted galaxies detected by Fermi-LAT, with avail-
able y-ray luminosity and redshift data taken from Teng et
al. (2011) and Rani (2019).

3.1 Distributions of y-ray luminosity and
spectral indices

Distributive analyses of the parameters of blazar samples
are not only necessary in modelling their emission mech-
anisms but also essential in the study of the unification
scheme. The distribution of y-ray luminosity (Ly) is shown
in Figure 1. Apparently, the distribution is continuous, with
the FSRQs displaced to highest y-ray luminosity and jetted
galaxies to lowest y-ray luminosity, suggestive that FSRQs
are stronger y-ray emitters than BL Lacs and radio galax-
ies. Nevertheless, the distributions yield mean (logarithm)
values ~ 45.30 for FSRQs, 45.00 for LSPs, 44.50 for ISPs,
44.20 for HSPs and 42.88 for the galaxies, which follow the
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Figure 1. Distributions of y-ray luminosity for FSRQs and BL Lac
subclasses
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sequence Log (Ly) [psras > L0g (Ly) [Lsps > Log (Ly) [1sps >
Log (Ly) |usps > Log (Ly) |caLaxies and suggesting that the
sequence can extend to jetted galaxies. Statistical test re-
veals that FSRQs and BL Lac subclasses are nicely fitted to
a log-normal distribution with skewness (u) in the range
-0.08 < u < 0.04. The observation suggests that similar
mechanisms are responsible for the variations in y-ray lu-
minosity of all subclasses of blazars. Furthermore, a two-
sample Kolmogorov-Smirnoff (K-S) test carried out on the
data shows that in general, at 95% confidence there is al-
most a zero probability (p < 107°) that there is any funda-
mental difference between the underlying distributions of
these objects in y-ray luminosity. Similarly, the jetted galax-
ies do not appear to be significantly different from FSRQs
and BL Lac subclasses: there is only a probability p ~ 0.05
that the galaxies are different in terms of average luminos-
ity distribution. The galaxies are observed to occupy the
lowest luminosity regime of the distribution, which sug-
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Figure 2. Distributions of (a) Compton (b) Synchrotron spectral indices for FSRQs and BL Lacs
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gests that in general there is a connection between FSRQs,
BL Lacs and the radio galaxies.

We show in Figure 2 the distributions of the sample
in both Compton (acom) and synchrotron spectral index
(asyn). It is however clear from Figure 2(a) that BL Lacs,
on average, have the tendency to possess higher values of
Compton spectral index than the FSRQs. The average val-
ues are 0.60, 0.71, 0.78 and 1.10 for FSRQs, LSPs, ISPs and
HSPs, respectively. Hence, the average values of the acom
for the blazar subclasses follow the relation: (acom) |asps >
(@com) |1sps > {@com) |Lsps > {@Xcom) |Fsrqs- However, FSRQs
and BL Lacs are similarly distributed in multimodal con-
figuration. Nevertheless, the multimodal distribution of
BL Lacs arises from the fact that there are different sub-
classes of BL Lacs. For each subclass, it is essentially a
normal distribution. This result can be interpreted to mean
that in terms of Compton spectra, different subclasses of
FSRQs may exist. In the case of asyn, FSRQs range from
0.78 to 1.30 with a single peak at 0.96 and average val-
ues of 0.98. However, BL Lacs range from 0.48 to 1.08
peaking at different values for LSP, ISP and HSP objects.
The average values are 0.86, 0.84, and 0.66 for LSPs, ISPs
and HSPs, respectively. We find that the average values
of the asyn for the blazar subclasses follow the relation:
(asyn) [asps < (@syn) l1sps < (@syn) |Lsps < (@syn) [Fsras> @
trend that is more or less a mirror image of the acom distri-
bution, which suggests a sequence for the blazar sample.

We carried out K-S test on the spectral index data of
the sample. The cumulative distribution functions (CDF) of
the different subclasses are shown in Figure 3. We find that
for the Compton spectra, in Figure 3(a), the overlap is less
obvious, suggesting that the different subclasses of blazars
may be statistically different in Compton spectral proper-
ties. Nevertheless, there is a sequence in the distribution
of the Compton spectral index in a sense that is consistent
with a blazar sequence. This can be understood in terms
of a fundamental difference in the rate of cooling in these
objects.

3.2 Correlation between parameters

To test for the correlations between the spectral param-
eters of the sample, the Pearson’s correlation is applied.
The acom — asyn plot is shown in Figure 4. FSRQs are ex-
clusively located at the low acom high asyn end while BL
Lacs span a wide range, with LSP and ISP objects overlap-
ping with FSRQs at intermediate values. The distribution
of the objects on the acom — asyn plane is in a sense that
is consistent with blazar sequence with HSP-BL Lacs at
high acom - low asyn through ISP and LSP to FSRQs at low
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Qcom - high asyn end. While most FSRQs have flat Compton
spectral |acom| > 0.5, BL Lacs show steep Compton spectra
|acom| < 0.5 which has a wide range. This is an indication
of a range of inverse Compton scattering mechanisms in BL
Lacs. It can be argued that the recurrent tendency observed
from FSRQs up to HSP-BL Lacs follows a system which is
indicative of the orientation unified scheme and that re-
lated mechanisms control these objects. Linear regression
analysis of our data for the whole sample taken together
gives acom = —(1.08+0.02)asyn +(1.27 £0.30) with a corre-
lation coefficient (r = —0.84) at 95% confidence. The strong
correlation suggests that similar effects are responsible for
variations in the parameters for both BL Lacs and FSRQs
but depends on a factor that changes progressively from
HSPs to FSRQs through ISPs and LSPs.
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Figure 4. Scatter plot of acom — a@syn for FSRQs and BL Lac subclasses

To investigate the relationships between the broadband
spectral indices and synchrotron peak frequency, the scat-
ter plots of acom-Vpeai aNd Asyn-Vpeqi are shown in Figure 5.
The FSRQs-LSP-ISP-HSP sequence is obvious in each plot.
Apparently, there is a positive correlation of acom — Vpear
data for the entire blazar sample, which upturns into an
anti-correlation on dsyn — V,eqx plane. This shows that on «
— Vpeak Plane, these objects follow a trend which is sugges-
tive of a unified scheme through blazar sequence. Linear
regression analyses of our data yield acom = (0.27 £ 0.03)
Vpeak*+(0.37+0.20) with correlation coefficient r = 0.84 and
asyn = —(0.22 £ 0.03)Vp,eqi + (1.28 + 0.30) with r = -0.81
at 95% confidence. Observe that the correlations exist only
when the blazars are taken together and becomes less im-
portant when individual subsamples are considered.

To investigate the effects of redshift on our results, we
show the acom — z and asyn — z plots for the sample in Fig-
ure 6. It is observed that there is a steep change in a - z
around z = 0.3 in each case, shown with broken lines in
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Figure 6. While all BL Lacs are located at low (z < 0.3) red-
shift, a vast majority of FSRQs are located at high (z > 0.3)
redshift. Nevertheless, there is a smooth transition from
HSP- BL Lac at lowest redshifts to FSRQs at high redshift
end through ISP and LSP- BL Lacs that are almost indistin-
guishable on the a — z plane. This trend suggests that there
is a unified scheme for blazars through blazar sequence
or/and evolution.

Regression analysis of the acom — z data yields acom =
(-0.26+0.02)log(1+2z)+(1.23 +0.10) with (r = -0.65) for
z<0.3and acom = (-0.08+0.02)log(1+2)+(0.81+0.20)
with (r = —0.44) for z > 0.30. This implies a steep change in
slope from -0.26 for z < 0.3 to —0.08 for z = 0.3. Similarly,
for asyn -z data, the result yields asyn = (0.23+0.02)log(1+
z) + (0.47 £ 0.20) with (r = 0.61) for z < 0.30 and asyn =
(0.09 £ 0.01)log(1 + z) + (0.84 + 0.10) with (r = 0.47) for
z = 0.30. There is also an indication of a change of slope
from0.23atz < 0.30t00.09 at z = 0.30. The results indicate
that the broadband spectral indices are fairly constant at
z20.30

4 Discussion

The results of the current investigation of blazar sequence
using homogenous sample of Fermi-LAT blazars are pre-
sented. The well-sampled data has allowed an investigation
of the relationship between FSRQs and BL Lac subclasses.
The theoretical blazar sequence is remarkably popular in
that it unites distinct subclasses of blazars into one family
(Fossati et al. 1998). This blazar sequence is seen in the light
of relativistic beaming model which proposes a decrease
in the Doppler boosting as the synchrotron peak frequency
increases due to a drop in the luminosity (see e.g. Meyer et
al. 2011). Therefore, for any difference in FSRQs and BL Lacs
due to orientation effect, the spectral energy distributions
have to be considered in the beaming model. However, the
systematics of the spectral energy distributions and blazar
sequence originally proposed by Fossati et al. (1998) based
on the 126 samples of the slew survey and 1]y samples dis-
covered that the different kinds of blazars follow a continu-
ous spectral sequence. The theoretical blazar sequence also
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visited by Ghisellini and Tavecchio (2008) revealed that the
spectral energy distributions of blazar emissions as well
as the power of the jet are all linked to the key parameters
of the accretion process. The results have shown that both
BL Lacs and FSRQs are sites of high energy phenomena
and this supports the hypothesis of highly relativistic jets

at small orientation angles to the line of sight (e.g. Mukher-

jee et al. 1997). The blazar sequence postulates that FSRQs
and BL Lacs are different expressions of the same physical
process that vary only by bolometric luminosity (Ghisellini
et al. 1998; Fossati et al. 1998). Consequently, there should
be continuity in distributions of spectral properties of these
objects.

The distributions of our sample in y-ray luminosity
show that FSRQs are on average more prominent than BL

Lacs. However, the strong y-ray luminosity of FSRQs is in-

dicative of the strong beaming effect which denotes that
FSRQs are sources with highly boosted y-ray continuum

(e.g. Padovani 1992). Perhaps, the differences in the distri-

butions of y-ray luminosity of the blazar subclasses could
be interpreted to mean that the two blazar subclasses differ
in orientation (Li et al. 2017; Chen et al. 2016).

Figure 1 has an interesting feature in that the distribu-

tion of BL Lacs and FSRQs shows a continuous sequence
in y-ray luminosity, with no clear dichotomy between the

various subclasses, which is suggestive that inherently sim-

ilar processes control y-ray emission in these objects. The
distributions of our sample in broadband spectral indices
also follow a continuous trend from FSRQs to HSPs through
LSPs and ISPs in agreement with the blazar sequence. The
variations in the spectral indices between FSRQs and BL
Lacs can be understood in the framework of the unified
scheme if a common factor which changes progressively

between the subclasses controls the variation. The continu-

ous distributions shown in Figure 2 thus indicates that there

is a unification scheme for the broadband spectral prop-

erties of blazars, which is in close agreement with blazar
sequence as proposed by Ghisellini et al. (1998) and Fossati
et al. (1998). We interpret this to mean that the mechanisms
producing the emissions in the two populations are similar
but vary systematically between the subclasses (e.g. Chen
et al. 2016).

On acom - @syn plane, it is shown that FSRQs and HSP-
BL Lacs form the opposite extremes of the continuum con-

nected by LSP-BL Lac and ISP-BL Lac populations that are
indistinguishable. In fact, there is a considerable overlap

between FSRQ and LBL populations on theacom - asyn plane.

FSRQs have larger values of synchrotron spectral index
but smaller values of Compton spectral index than the BL
Lac subclasses. FSRQs, LSP-BL Lac and ISP-BL Lac have

relatively low Compton spectral index compared to HSPs.
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This result is quite comparable with the anti-correlation
of broadband radio-to-optical (ar,) and optical-to -X-ray
(aox) spectral indices (e.g. Fan et al. 2016; Ackerman et al.
2011; Abdo et al. 2010a) in which FSRQs and LSPs possess
similar spectral properties that are significantly different
from those of HSPs, but with ISPs forming a bridge con-
necting them. Actually, Comastri et al. (1997) discovered
that there is a significant anti-correlation between X-ray
and y-ray spectral indices, and also between a;, and aox
broadband spectral indices of BL Lacs and FSRQs of SDSS
blazars, which the authors explained in terms of a differ-
ence in shape of overall energy distributions from radio to
X-ray energies. If this is actually the case, the acom — asyn
anti-correlation observed in current investigation can be
interpreted to mean that there is a difference in the shape
of overall synchrotron energy distributions from those of
Compton energies for all blazars. Interestingly, both acom
~ Vpeak and @syn — Vpeqi COrrelation/anti-correlation ob-
served in current analyses are consistent with a unification
of the blazars through blazar sequence.

It is arguable that the acom — asyn anti-correlation ob-
served in current investigation may have risen from a red-
shift dependence of both acom and asyn. The results of our
analyses show that the slopes of acom—z and asyn—z change
from -0.26 to —0.08 and 0.23 to 0.09 at low-and high red-
shifts, respectively. It is interesting to observe that the steep
change in a — z slope did not yield any noticeable effect on
the acom — asyn anti-correlation. Thus, the acom — asynanti-
correlation is intrinsic and not an artefact of a common
dependence of both parameters on redshift. Perhaps, the
steep a — z slope for z < 0.3 objects could mean that at
low redshifts, luminosity selection effect can be playing a
significant role (e.g. Odo et al. 2014; Alhassan et al. 2013).
Actually, Alhassan et al. (2013) opined that at low redshifts
(z 2 0.30), the effects of luminosity selection are so strong
as to swamp any effect that could arise from relativistic
beaming in a sample of BL Lacs and radio galaxies. Obvi-
ously, all the BL Lacs in the current sample are located at
low redshifts (z < 0.3). If this is actually the case, the varia-
tions of synchrotron and Compton spectral indices at low
redshifts may be an artefact of the luminosity selection ef-
fect. Furthermore, the steep change in a—z slope for z < 0.3
and z = 0.3 corresponding to regions occupied by BL Lacs
and FSRQs, respectively, could be interpreted to mean that
BL Lacs and FSRQs have distinct spectral properties. In-
terestingly, the presence of some FSRQs whose properties
well overlap with those of BL Lacs on the a — z plane in Fig-
ure 6 can be used to argue against any spectral dichotomy
between the two populations of blazars and suggests that
for all blazar classes, similar processes run and there is a
unified scheme (e.g. Odo and Aroh 2020). Li et al. (2015)
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earlier argued that the ay, — z correlation using SDSS data
provides more evidence for the unified scheme as proposed
by Fossati et al. (1998).

Itis also observed from fig 5 that the broadband spectral
indices remain fairly constant at z > 0.30. The significant
correlation in the broadband spectral indices against syn-
chrotron peak frequency of the blazar subclasses suggests
that similar processes run in all these objects within central
physical environments. Thus, differences between blazar
subclasses observed in earlier investigations (Comastri et
al. 1997) can be attributed to intrinsically different rates of
cooling at different positions within the cores of the various
subclasses of blazars (e.g. Ghisellini et al. 1998; Savolainen
et al. 2010). The synchrotron spectral index peaks at low
and high synchrotron peak frequencies for FSRQs and HSP-
BL Lacs, respectively, implying very strong and weak cool-
ing levels for these objects (e.g. Ghisellini et al. 1998). Thus,
if the synchrotron peak frequency is low for FSRQs, it would
be expected that the Compton spectral index would equally
be low for FSRQs and high for BL Lacs, which is consistent
with our results.

We have noted the presence of few FSRQs (10% of the
FSRQs in the sample) that share similar parameter space
in luminosity and redshift with BL Lacs. This minority of
FSRQs occupy the parameter space in such a manner that
is consistent with a unified scheme between BL Lacs and
FSRQs (e.g. Odo and Aroh 2020). Apparently, the transition
from HSP-BL Lacs at low z and high acom to the FSRQs at
high z and low acom is consistent with an evolution-based
unified scheme for BL Lacs and FSRQs in which at inverse
Compton energies, blazars start off as HSP BL Lacs and
evolve through ISPs and LSPs to FSRQs at high redshifts
(Beckmann et al. 2003). The presence of the minority of
FSRQs that share the same parameter space with BL Lacs
in this analysis does not alter the evolutionary trend from
HSPs to FSRQs through ISPs and LSPs which can be used to
argue for a unified scheme for BL Lacs and FSRQs through
evolution (e.g. Ajello et al. 2014). Perhaps, these few FSRQs
could be candidate masquerading BL Lacs, whose presence
are becoming increasingly important in recent investiga-
tions (e.g. Giommi et al. 2013; Padovani et al. 2019; Odo
and Aroh 2020). It can therefore be argued that these BL
Lac-like FSRQs could be a distinct subclass of FSRQs.

Another important outcome of our analyses is the po-
sition of jetted radio galaxies in the current unification
scheme in y-ray band. It is important to note that the loca-
tion of the jetted galaxies in redshift and y-ray luminosity
is also consistent with both evolutionary and orientation
sequence as they are located at much lower redshift (z ~
0.006) than HSP-BL Lacs and form the low luminosity tail
in the y-ray distribution in Figure 1. Actually, Rani (2019)

DE GRUYTER

argued that the radio morphology of the jetted galaxies in
their sample resemble blazars when viewed at larger an-
gles to the line of sight. The observed unification sequence
presented in this paper, thus, is expected to include these
misaligned jetted y-ray emitting radio galaxies. However,
statistics are still poor for these radio galaxies in the y-ray
band.

5 Conclusion

We have used the distributions and correlations of the ob-
served parameters of extragalactic radio sources to quanti-
tatively test a simple statistical consequence of the spectral
properties of some Fermi selected blazars. We showed that
®com and asyn of the two blazar subsets (FSRQs and BL
Lacs) are strongly anti-correlated (r ~ —0.80) for our sam-
ple, which we interpret as significant difference in shape of
synchrotron and Compton spectra. Distribution of Compton
spectral indices suggests that different subclasses of FSRQs
can be possible. The distributions of the observed parame-
ters of our sample suggest a smooth transition from FSRQ
to HSPs through LSPs and ISPs. Our results thus strongly
support the earlier suppositions for a unified scheme for
blazars. We also found that the blazar sequence can be ex-
tended to the young jetted radio galaxy populations whose
y-ray emissions are gaining attention in recent investiga-
tions.
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