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Abstract

Blazars show extreme observational properties that are due to the beaming effect with the jet being close to the line
of sight. It was found that the observed luminosity is anticorrelated with the synchrotron peak frequency but the
debeamed luminosity and the frequency is positively correlated. In this work, we revisit this correlation for a large
sample of 255 blazars from the fourth Fermi catalog with available Doppler factors. Our analysis comes to the
following conclusions. (1) The observed radio, X-ray, v-ray, and synchrotron peak luminosity are all anticorrelated
with the peak frequency, but the debeamed luminosity is positively correlated with the debeamed peak frequency.
The anticorrelation is due to a selection effect or a beaming effect. (2) The Compton dominance parameter is
correlated with both the bolometric luminosity and Doppler factor, implying that the more highly Compton-
dominated sources are more luminous. (3) The bolometric luminosity can be represented by the v-ray luminosity

for Fermi blazars.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Blazars (164)

Supporting material: machine-readable table

1. Introduction

Blazars show extreme observational properties, such as rapid
variability, high and variable polarization, strong emission line
features or lack of features, strong y-ray emission, or super-
luminal motion (Angel & Stockman 1980; Bassani et al. 1983;
Wills et al. 1992; Vermeulen et al. 1994; Urry & Padovani
1995; Hartman et al. 1999; Aller et al. 2011; Ghisellini et al.
2014; Acero et al. 2015; Raiteri et al. 2017; Fan et al.
2016, 2021; Yan et al. 2018; Lu et al. 2019; Yang et al. 2019;
Xiao et al. 2019, 2020; Abdollahi et al. 2020; Ajello et al.
2020; Gupta 2020; Pei et al. 2020a, 2020b; Zhang et al. 2020;
Zheng et al. 2020; Tripathi et al. 2021; Ye & Fan 2021, and
references therein). The extreme observational properties of
blazars are due to the beaming effect with the jets pointing
close to the line of sight of the observer. In a relativistic
beaming model, the observed flux density (f° ") is strongly
boosted from the intrinsic one (f™) asf® = 6™, where 6 is a
Doppler factor (or boosting factor), p =2 + « for a continuous
jet, p=3+ « for a spherical one, and « is the spectral index
(f,ocv™ 9. The frequency follows v°0 = ILV“‘, where z 1s
the redshift, 1°° is the frequency in the observer frame, and "
is the frequency in the comoving frame.

Blazars have two main subclasses: BL Lacertae (BL Lac)
objects and flat spectrum radio quasars (FSRQs) based on their
emission lines features, with BL Lac objects showing weak
emission lines or no emission lines at all and FSRQs having
strong emission lines. Fan et al. (2016) calculated the spectral
energy distributions (SEDs) for a sample of 1492 Fermi Large
Area Telescope (LAT) blazars, adopted a Bayesian method for
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the distribution of the logarithm of synchrotron peak
frequencies, found that three components are the best to fit
the distribution, and proposed classifications using the
acronyms defined in Abdo et al. (2010): low-synchrotron-
peaked blazars (LSPs) if log v,(Hz) <14, intermediate-
synchrotron-peaked blazars (ISPs) if 14.0 < log v,(Hz) <
15.3, and high-synchrotron-peaked blazars (HSPs) if log v, (Hz) >
15.3.

As the next generation instrument after Energetic Gamma
Ray Experiment Telescope (Hartman et al. 1999), Fermi/LAT
detected a lot of ~-ray emitters. The fourth Fermi/LAT catalog
(4FGL) contains 5099 sources (Abdollahi et al. 2020; Ajello
et al. 2020). Out of them, 1102 are BL Lac objects, and 681 are
FSRQs. There are also many blazar candidates of uncertain
type (BCUs).

Many lines of evidence show that ~-rays are strongly
beamed. There is a close correlation between ~-rays and radio
bands (Dondi & Ghisellini 1995; Fan et al. 1998, 2016;
Giroletti et al. 2012), that is, the radio polarization is higher
when blazars were detected in the ~-ray bands (Hovatta et al.
2010), and ~v-ray luminosity is closely correlated with the
Doppler factor (Fan et al. 2013b; Pei et al. 2020a). Super-
luminal motion, which is one of the observational properties of
blazars, has been extensively studied (Zensus et al. 1987;
Vermeulen et al. 1994; Kellermann et al. 2004; Lister &
Homan 2005; Lister et al. 2009, 2019; Homan et al. 2009); it is
found that sources in the Fermi/LAT catalog display higher
apparent speeds than those that have not been detected (Piner
et al. 2012; Lister et al. 2016; Xiao et al. 2019). Lister et al.
(2015) found that the nondetected active galactic nuclei
(AGNs) from the 3FGL catalog have significantly lower
apparent jet speeds indicating that they have lower than average
Doppler factors. From a recent work, it was proposed that the
superluminal sources are all y-ray emitters (Xiao et al. 2020).
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Table 1
Sample of Fermi blazars with Doppler Factors
4FGL name Other name redshift Class logy, loglL, logLgy, loglg loglo loglLx loglL, log Ly Or
1 ()] 3 @ (&) (6) Q) ® ©) (10) an 12) 13)
4FGL J0005.9 + 3824 S4 0003 + 38 0.229 FSRQ 14.03  44.653  45.075 41976  44.37 43445 45154 45417 5.23
4FGL J0016.2-0016 S3 0013-00 1.577 FSRQ 13.58  45.441 46.091 43.963 45496 45.019 46.760  46.845 18.94
4FGL J0017.5-0514 PMN J0017-0512 0.227 FSRQ 14.48  44.634 45019 41462 44215 43933 45518  45.638 12.02
4FGL J0023.7 + 4457 B3 0020 + 446 1.062 FSRQ 12.78 44726  45.151 42.744  44.243 46.891 46.899 19.63
4FGL J0042.2 + 2319  PKS 0039 + 230 1.426 FSRQ 13.11 45.77 46.192 43949 45482 47.138  47.185 13.63
13.48

4FGL J0049.7 + 0237  PKS 0047 + 023 1.44 BL Lac

45.984

46.33

43.482

45.856

47.787

47.802

12.83

Notes. Column (1): 4FGL name; Column (2): Other name; Column (3): redshift; Column (4): classification; Column (5): synchrotron peak frequency, log v, (Hz);
Column (6): synchrotron peak luminosity, log L, (erg/s); Column (7): integral synchrotron luminosity, log Ly, (erg/s); Column (8): radio luminosity at 1.4 GHz, log
Lg (erg/s); Column (9): optical luminosity at the R band, log Lo (erg/s); Column (10): X-ray luminosity, log Lx (erg/s); Column (11): y-ray luminosity, log L., (erg/s)
calculated from the photons and the photon spectral index from Abdollahi et al. (2020); Column (12): bolometric luminosity, log Ly (erg/s); Column (13): Doppler
factor, dr from Liodakis et al. (2018). Only a portion of this table is shown here to demonstrate its form and content. A machine-readable version of the full table is available.

(This table is available in its entirety in a machine-readable form.)

Doppler factors are important for blazars and difficult to be
obtained directly, and they have been estimated in the literature
(Ghisellini et al. 1993; Mattox et al. 1993; von Montigny et al.
1995; Fan et al. 1999, 2009, 2013a, 2014; Lihteenmiki &
Valtaoja 1999; Hovatta et al. 2009; Lister et al. 2009;
Savolainen et al. 2010; Liodakis et al. 2018; Pei et al. 2020b;
Zhang et al. 2020; Ye & Fan 2021, and references therein). In
1998, Fossati et al. found that there is an anticorrelation
between the peak luminosity (and radio luminosity) and the
peak frequency for blazars. The luminosity decreases with the
synchrotron peak frequency for blazars. Fan et al. (2017)
investigated a sample of 86 sources with available Doppler
factors and radio, optical, X-ray and +-ray data and found that
there is a real anticorrelation between the luminosity and the
synchrotron peak frequency for the observed value; however,
there is a positive correlation between the debeamed (intrinsic)
luminosity and the frequency. So, they proposed that such a
correlation was caused by the beaming effect or selection effect
(Fan et al. 2017).

In this work, we will revisit the relationship between the
monochromatic luminosity and the peak frequency for both the
observed data and debeamed data for a large sample of 255
Fermi blazars with available Doppler factors and redshifts. The
sample properties and the results are presented in Section 2.
The discussions and conclusions are given in Section 3 and
Section 4, respectively.

2. Sample and Results
2.1. Sample

In this work, we compile a sample of 255 blazars (181
FSRQs and 74 BL Lac objects) detected by Fermi/LAT
(Abdollahi et al. 2020; Ajello et al. 2020) with available
Doppler factors (Liodakis et al. 2018), synchrotron peak
frequencies, monochromatic luminosities (radio, optical, X-ray
luminosities), synchrotron peak luminosities, and integrated
luminosities for the synchrotron bump (Fan et al. 2016; Zhang
& Fan 2019). The corresponding data are listed in Table 1.

2.2. Results
2.2.1. Calculations

The ~-ray luminosity can be calculated from the detected
photons (see Fan et al. 2012, 2013b; Yang et al. 2017),

L, = 4rd;(1 + z)@~VF,

where d; is the luminosity distance, z is the redshift, o, is a -
ray spectral index, a., = apy, — 1, app is the photon spectral
index, and F is the integral flux in units of GeV cm2s L F
can be expressed as

1 1 Ey . .
F = N(ELNEU)(E—L — E—U)ln E—, ifapn = 2, otherwise

L
F =N, L —ap \(Eg "™ — B "™
= ME.~Ey) > —am o |
Qph J\ EY; - E;

where Ng ~g,) is the total number of photons in the energy
range of Ep and Ey. In this work, E; and Ey correspond to
1 GeV and 100 GeV, respectively.

From the beaming model, the debeamed (intrinsic) lumin-
osity (L,™) and frequency 1/ can be obtained from the observed
luminosity (L;,’b) and frequency +°° (Fan et al. 2017)

Lin — Lob/64+a,, Z/in — VOb/ 6
14 v 1 + z

where ¢ is the Doppler factor, and «, (f, o< v~%) is the
spectral index at the corresponding band. ag =0, ag = 1.0 for
BL Lac objects, and ag = 0.5 for FSRQs are adopted for the
radio and optical spectral indexes, as in Donato et al. (2001)
and Abdo et al. (2010). The X-ray spectral indexes, ay, are
considered as in the paper by Fan et al. (2016). An average
value is adopted for the unknown ay, namely, {(ax) = 1.30 for
BL Lac objects and {ax) = 0.78 for FSRQs are adopted for the
sources without known X-ray spectral indexes. An average
value of the redshift, (z) = 0.856, for BL Lac objects is adopted
for two sources (J0532.0-4827 and J1219.0-4827) without
known redshifts. The ~-ray spectral index is obtained by
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Table 2
Average Values of Luminosity

Para. Class Ave. o N Median dnax P
@ (@) 3 “ ® © Q) ®
logLg® BL 42.27 1.05 74 42.34

FSRQ 43.30 0.66 181 43.40 0.46 227 x 10710
logL&® BL 45.27 0.77 73 45.38

FSRQ 45.58 0.62 181 45.59 0.23 7.07 x 1072
logLg® BL 44.19 0.93 52 44.93

FSRQ 45.04 0.63 129 4538 0.48 2,67 x 1078
logL® BL 46.71 0.91 74 46.65

FSRQ 47.13 0.77 181 47.17 0.31 597 x107°
logLs‘;l,’] BL 45.62 0.83 74 45.73

FSRQ 46.18 0.56 181 46.27 0.33 1.74 x 1073
longg’b BL 4522 0.82 74 45.28

FSRQ 45.81 0.57 181 45.92 0.32 237 x 107°
logL{® BL 38.75 1.38 74 38.86

FSRQ 38.62 1.43 181 38.42 0.14 23%
logL ™ BL 40.94 227 73 40.73

FSRQ 39.73 1.68 181 39.41 0.29 3.0x 107*
logLi? BL 40.00 2.09 52 40.93

FSRQ 39.54 1.77 129 40.20 0.15 32%
logLf,n BL 42.14 2.07 74 41.86

FSRQ 40.78 1.75 181 40.55 0.34 7.12 % 107°
logLp, BL 4125 1.91 74 41.06

FSRQ 40.33 1.69 181 39.92 0.27 7.67 x 107
longin BL 40.85 1.92 74 40.62

FSRQ 39.96 1.65 181 39.58 0.27 6.38 x 107*

Notes. Column information is as follows. Column (1): parameter, where L denotes for the observed monochromatic luminosity at the i (i = R (radio), O (optical), X
(X-ray), and ~-ray) bands, L, is the peak luminosity, Ly, is the integrated synchrotron luminosity, L™ denotes the intrinsic luminosity at the i band; Column (2):
classification; Column (3): averaged logarithmic value of luminosity; Column (4): 1o uncertainty; Column (5): sample size; Column (6): median value of the
logarithm of monochromatic luminosity; Column (7): maximum difference of the two cumulative distribution (dmax.); Column (8): probability for the corresponding

two distributions to be from the same parent distribution (p).

o, = apy — 1, where oy, is the photon spectral index from the
4FGL catalog (see Abdollahi et al. 2020; Ajello et al. 2020).
The Doppler factor (6) compiled in this work is from Liodakis
et al. (2018); 6 ranges from 6=0.22 for BL Lac object
J1725.0 4+ 1152 to 6 = 88.44 for FSRQ J0449.0 + 1121.

2.2.2. Averaged Luminosity

From our calculation of the +-ray luminosity and the other
available luminosities (radio, optical, and X-ray luminosities,
synchrotron peak frequency luminosity, and integrated syn-
chrotron bump luminosity) from the papers by Fan et al. (2016)
and Zhang & Fan (2019), we can obtain the statistically
averaged values. When the Doppler factor (Liodakis et al.
2018) is adopted to the luminosity, the debeamed (intrinsic)
monochromatic luminosity, debeamed synchrotron peak fre-
quency luminosity, and debeamed integrated synchrotron bump
luminosity can be obtained. For those observed and debeamed
data, we calculate their average values for the whole sample,

for BL Lac objects and FSRQs, and obtain the following
statistical results. The corresponding average values are listed
in Table 2, and the cumulative probabilities are shown in
Figures 1 and 2.

The ~-ray luminosity ranges from log L.(erg/s) = 44.43 (BL
J1640.9+1142) to log L. (erg/s)=49.09 (FSRQ J1504.4
+1029) for the whole sample.

When we consider BL Lac objects and FSRQs separately,
we find that, for 75 BL Lac objects, log L.(erg/s) ranges from
log L. (erg/s) =44.43 for J1640.9 + 1142 to log L.(erg/s)=
4831 for J1248.2+5820. The average value is
(logL,(erg/s)) = 46.71 & 0.91. We also computed their
averaged monochromatic radio luminosity (logLg (erg/s)) =
42.27 £+ 1.05, optical luminosity (logLo(erg/s)) = 45.27 +
0.77 (N=73), X-ray luminosity (logLx(erg/s)) = 44.19 +
0.93(N = 52), synchrotron peak luminosity (logL,(erg/s)) =
4522 £+ 0.82, and integrated synchrotron bump luminos-
ity (log Ly (erg/s)) = 45.62 + 0.83.
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Figure 1. Monochromatic luminosity distribution and corresponding cumulative probability. (@) shows the radio luminosity distribution of BL Lac objects (solid line)
and FSRQs (dashed line); (a’) shows the cumulative probability of the radio luminosity between BL Lac objects (solid line) and FSRQs (dashed line); (b) and (b’)
show the optical luminosity; (¢) and (¢’) show the X-ray luminosity; (d) and (d’) show the 4-ray luminosity.

For the 181 FSRQs, we find log L.(erg/s) to range from
log L.(erg/s) =45.15 for J0006.4 + 3825 to log L.(erg/s) =
49.09 (FSRQ J1504.44+1029) with an average value of
(log L, (erg/s)) = 47.13 = 0.77. The other average values
are: radio luminosity (log Ly (erg/s)) = 43.30 + 0.66, optical
luminosity (log Lo(erg/s)) = 45.58 + 0.61, X-ray luminosity
(log Lx (erg/s)) = 45.04 + 0.62 (N = 129), synchrotron peak
luminosity (logLy(erg/s)) = 45.79 & 0.62, and integrated
synchrotron bump luminosity (log Lgyy (erg/s)) = 46.18 + 0.60.

For the debeamed (intrinsic) luminosity, we have
(log LM (erg/s)) = 38.75 4 1.38, (log LM (erg/s)) = 40.94 +
2.27 (N="173), (log Li*(erg/s)) = 40.00 & 2.09 (N =52), and
(logL"(erg/s)) = 42.16 + 2.07 for BL Lac objects; and
(log L (erg/s)) = 38.62 4 1.43, (log LM (erg/s)) = 39.73 +
1.68, (logLiM(erg/s)) = 39.96 + 0.62 (N=129), and
(log LI (erg/s)) = 40.78 + 1.75 for FSRQs.

We can see that the observed luminosity of FSRQs is higher
than that of BL Lac objects, but the debeamed luminosity
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Figure 2. Intrinsic monochromatic luminosity distribution and corresponding cumulative probability. (a) shows the intrinsic radio luminosity distribution of BL Lac
objects (solid line) and FSRQs (dashed line); (a’) shows the cumulative probability of the intrinsic radio luminosity between BL Lac objects (solid line) and FSRQs
(dashed line); (b) and (b’) show the optical luminosity; (c) and (c¢’) show the X-ray luminosity; (d) and (d’) show the ~-ray luminosity.

(at the optical and v-ray bands) of FSRQs is lower than that of
BL Lac objects. When a Kolmogorov—Smirnov test (K-S test)
is applied to the observed and debeamed (intrinsic) luminos-
ities, it is found that the probabilities for the distributions of the
observed monochromatic luminosity, synchrotron peak lumin-
osity, and integrated synchrotron bump luminosity of FSRQs
and those of BL Lac objects to be from the same distribution
are all smaller than 7.07 x 10, implying that the difference in
the observed luminosity between BL Lac objects and FSRQs is
significant. The probability for the distributions of the
debeamed monochromatic optical luminosity, v-ray luminosity,

synchrotron peak luminosity, and integrated synchrotron bump
luminosity of FSRQs and those of BL Lac objects to be from
the same distribution are all smaller than 7.67 X 1074,
suggesting that those differences are significant. However, the
probability for the distributions of the debeamed radio
luminosity and optical luminosity of FSRQs and those of BL
Lac objects are 23% and 32%, respectively. This means that
there is no clear difference in the debeamed radio luminosity or
optical luminosity between BL Lac objects and FSRQs. The
K-S test results are shown in Figure 1 for the observed
luminosity and Figure 2 for the debeamed luminosity.
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Figure 3. Correlation between luminosity (log L,) and peak frequency (log v,). (a) shows log L& and log z/‘;)b; (a') presents the corresponding intrinsic data (log L "
and log I/i,',‘); (b) and (b’), (c) and (c’), and (d) and (d’) show the optical (X-ray, and ~-ray) luminosities and peak frequencies.

2.2.3. Correlation between Luminosity and Peak Frequency

When a linear regression is applied to the observed and the
intrinsic data to investigate the correlation between the
luminosity and the synchrotron peak frequency, we derive
the following results:

log L% = —(0.36 £ 0.07)log v + (51.91 £ 0.91),

with a correlation coefficient r=—0.32 and a chance
probability of p < 10~ for the observed data and

logLvi,H = (1.29 £+ 0.11)logv™ + (24.49 + 1.39),

with r=0.602 and p<10~* for the intrinsic data. The
corresponding results and those for other bands are shown in
Figure 3 for the observed data and the intrinsic data. The
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Table 3
Linear Correlation Fitting Results, y =ax + b
y ~ X Class a + Aa b + Ab N r P
1 2) 3) “) ) ©6) (7
logLg"~ logv/y’ T —0.65 4 0.07 51.95 +0.90 255 —0.532 <10™*
B —0.65+0.11 51.52+ 1.61 74 —0.562 <1074
F —0.25 £0.09 46.65+1.20 181 —0.204 5.85x 1073
logL$’~ logvy® T —0.05 £ 0.06 46.2240.78 254 —0.059 35.15%
B 0.1040.10 4379+ 1.42 73 0.123 30%
F —0.03 £ 0.09 46.04+1.16 181 —0.030 69.17%
logLy’~ logv/® T —0.4240.07 50.62 + 1.03 181 —0.390 <107*
B —0.1340.14 46.03 +2.05 52 —0.126 37.4%
F —0.34£0.10 49.66 + 1.40 129 —0.281 124 x 1073
logL S~ logv/y® T —0.36 4 0.07 51.91+0.91 255 —0.321 <107*
B —0.16 £0.12 49.02 £+ 1.66 74 —0.162 16.7%
F —0.464+0.10 53394+ 1.36 181 —0.326 <1074
logL*~ logv/y® T —0.33 +£0.06 50.13£0.79 255 —0.337 <107*
B —0.19£0.10 47.89 4 1.49 74 —0.206 7.8%
F —0.2540.08 49.13+ 1.12 181 —-0.216 3.45 %1073
logLoh~ logv/y? T —0.27 £ 0.06 4971 4+ 0.80 255 —0.280 <107
B —0.16 +0.11 47914 1.51 74 —0.176 13.38%
F —0.1340.08 4787+ 1.12 181 —0.113 13.15%
logL{'~ logv!! T 0.67 4 0.09 30.03 + 1.15 255 0.427 <107*
B 0.5340.13 31.5341.79 74 0.430 1.3 x107*
F 1.14+0.14 2420+ 1.81 181 0.512 <10™*
logL{~ logvy T 1.47 £0.10 21,13+ 1.27 254 0.685 <107*
B 1.4840.16 20.88 +2.24 73 0.729 <107
F 1.54 +£0.16 20.29 +2.00 181 0.589 <107*
logLy{'~ logv! T 1.16 +0.12 24.66 4+ 1.58 181 0.580 <10™*
B 1.37£0.16 21224221 52 0.770 <107*
F 139 +£0.22 21.91+£2.76 129 0.493 <107*
logL "~ logv/}! T 1.2940.11 24.49 4+ 1.39 255 0.602 <10™*
B 1.28 £0.16 24.82+£2.16 74 0.688 <107*
F 1.1940.18 2573 +2.31 181 0.438 <1074
logL,"~ logvy' T 1.2240.10 24.53+1.25 255 0.620 <107*
B 1.20+0.15 24.64 +1.99 74 0.694 <107*
F 1.3740.16 22.60 + 2.05 181 0.535 <1074
logLn~ logii! T 1.28+0.10 24.12£1.25 255 0.640 <107
B 121+0.14 24.84+1.94 74 0.706 <1074
F 1.50£0.16 21.33 £2.04 181 0.571 <107*
6§ ~logvy T —4.46 4+ 0.99 77.87 +13.58 255 —-0.273 <107
B —2.46+1.35 46.89 + 19.25 74 —-0.210 7.3%
F —4.19 + 1.68 75.14 £ 22.66 181 —0.183 1.4%
log (CDP) ~ logL%® T 0.4140.04 —18.10+ 1.81 255 0.543 <107*
B 0.24 +0.06 —9.87+£2.78 74 0.433 1.15x107*
F 0.58 4 0.05 —26.03+2.15 181 0.656 <107
log Lpe ~ logL, T 0.94 +0.01 2.9440.37 255 0.991 <107*
B 0.97 +0.01 1.29 4 0.41 74 0.997 <10™*
F 0.9140.01 4504 0.48 181 0.989 <1074
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Table 3
(Continued)
y ~ X Class a + Aa b + Ab N r P
1 (@) 3 “ (5) (6) )
log(CDP) ~ logL, T 0.36 £0.04 —15.67+£1.94 251 0.487 <1074
B 0.22+0.06 —8.65+2.93 74 0.377 9.24 x 107*
F 0.54 +£0.05 —24.11+£245 177 0.618 <107
log(CDP) ~ logé T 0.39+0.11 0.96 +0.12 244 0.228 333x10°*
B 0.12+£0.16 1.35+0.16 68 0.096 43.54%
) F 0.70 £ 0.15 0.55+0.18 176 0.341 <107*
logL," ~ logé T —4.53 £0.15 46.10£0.18 248 —0.882 <107*
B —4.07+£0.24 45.72+£0.25 68 —0.901 <10™*
F —4.76 £0.21 46.36 £0.25 180 —0.864 <107*

Notes. Column (1): relation; Column (2): classification, where T stands for the whole sample, B for BL Lac objects, and F for FSRQs; Column (3): slope and
corresponding uncertainty (a &+ Aa); Column (4): intercept and corresponding uncertainty (b = Ab); Column (5): sample size (N); Column (6): correlation coefficient

(r); and Column (7): chance probability (p).

figures also clearly indicate that the observed radio (X-ray)
luminosity is anticorrelated with the synchrotron peak
frequency while the debeamed radio (optical and X-ray)
luminosity is positively correlated with the debeamed synchro-
tron peak frequency. The corresponding correlation results are
shown in Table 3, in which Column (1) gives the relation;
Column (2) gives the classification, T stands for the whole
sample, B stands for BL Lac objects, and F stands for FSRQs;
Column (3) shows the slope and the corresponding uncertainty
(a £ Aa); Column (4) gives the intercept and the corresp-
onding uncertainty (b + Ab); Column (5) is the sample size
(N); Column (6) is the correlation coefficient (7); and Column
(7) is the chance probability (p).

3. Discussions

The SEDs of blazars consist of two bumps; the lower-energy
bump (or synchrotron bump), which is located in the infrared to
X-ray, is due to synchrotron emission while the higher-energy
bump, which is located from the X-rays through MeV bands,
originates from inverse Compton emission. In 1998, Fossati
et al. computed the SEDs of a sample of 126 blazars and found
that the 5 GHz radio luminosity, synchrotron peak luminosity,
and 7-ray luminosity are all anticorrelated with the synchrotron
peak frequency and that the luminosity decreases with the peak
frequency. The results implies that there is a sequence from
FSRQs to XBLs, with luminosity decreasing while the peak
frequency increases, known as the blazar sequence. Mao et al.
(2016) obtained SEDs for a large sample of Roma-BZCAT
blazars and found a similar result with the peak frequency
increasing when the radio (and bolometric/integrated synchro-
tron) luminosity decreases.

However, Giommi et al. (2005) detected luminous high-
frequency BL Lac objects and low-frequency low-luminosity
BL Lac objects. Later on, the anticorrelation of the observed
data was not observed for the intrinsic data (Nieppola et al.
2008). Giommi et al. (2012b) did not find an anticorrelation for
an FSRQ sample either. From simulations, Giommi et al.
(2012a) found an anticorrelation between the radio luminosity
and synchrotron peak frequency and proposed that the
anticorrelation is due to a selection effect. Fan et al. (2017)
calculated the intrinsic SEDs for a sample of 86 flaring Fermi

blazars and found an anticorrelation between the luminosity (at
radio, optical, X-rays, y-rays, and the synchrotron peak) and
the peak frequency for the observed data, but the correlation for
intrinsic data is positive. They proposed that the anticorrelation
originates from the beaming effect or a selection effect. In that
paper, Fan et al. (2017) stated, “Since our Fermi blazar sample
with a known Doppler factor is small, we will try to compute
more Doppler factors for the Fermi blazars and redo the
analysis in the future.” Now, Doppler factors were obtained for
a large sample of blazars (Liodakis et al. 2018), which offers a
good opportunity to reanalyze the correlation between the ~-ray
luminosity and the peak frequency for both the observed data
and the intrinsic data. That is the motivation of this work.

By cross-checking the latest 4FGL catalog (Abdollahi et al.
2020), available Doppler factors (Liodakis et al. 2018),
synchrotron peak frequency (Fan et al. 2016; Zhang &
Fan 2019), and redshifts, we revisit the correlation between
~v-ray (or radio, optical, X-ray, peak frequency, integrated
synchrotron) luminosity and the synchrotron peak frequency
and compile a large sample of 260 Fermi blazars. Out of the
260 blazars, five are BCU (J1131.9-0503, J0205.0+1510,
J1416.0+1325, J0618.9-1138, and J0357.1+42325), 74 are BL
Lac objects, and 181 are FSRQs. In this work, we only consider
the 255 identified sources.

Average Iluminosity. From Table 2, it can be found that the
monochromatic luminosity (at the radio, optical, X-ray, and ~-
ray bands), the integrated synchrotron luminosity and the
synchrotron peak luminosity for FSRQs are higher than those
for BL Lac objects, and their difference is clear. The K-S test
shows that the probability for the luminosity distribution of BL
Lac objects and that of FSRQs to be from the same parent
distribution is less than 7.1 x 107>,

For the intrinsic luminosity, L™ = L /§*t%, we can see
that the averaged intrinsic monochromatic luminosity of BL
Lac objects is higher than that of FSRQs. The probabilities for
the distributions of the intrinsic optical and ~-ray luminosities
for BL Lac objects and those of FSRQs to be from the same
parent distributions are 3 x 10~* and 7.12 x 10~°, but the K-S
test suggests that the intrinsic radio and X-ray luminosities for
both BL Lac objects and FSRQs show similar distributions
since the probabilities for the two distributions to be from the
same parent distribution are 23% at the radio band and 32% at
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in
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the radio and X-ray bands. We conclude that BL Lac objects
and FSRQs have the same intrinsic luminosity distributions in
the radio band, and their averaged and median luminosities are
<log Lg' > =38.75 + 1.38 and log Lyg.q = 38.86 for BL Lac
objects and <log Lg' > =38.62 4+ 1.43 and log Lyj.q = 38.42
for FSRQs. In the X-ray band, we believe that the similar
distribution is due to the fact that we used the average X-ray
spectral index for the unknown X-ray spectral index when we
derive the intrinsic X-ray luminosity. If we only consider the
blazars with known X-ray spectral indexes, it is found that the
average X-ray luminosities are <log Lx' > = 40.42 + 2.20 for
BL Lac objects and <log L{ > = 39.5 + 1.85 for FSRQs.
The average intrinsic X-ray luminosity in BL. Lac objects is
higher than that in FSRQs. The K-S test indicates that the
probability for the two distributions to be from the same parent
distribution is 5.7%. From our analysis, it is found that BL Lac
objects and FSRQs have similar intrinsic radio luminosities, but
BL Lac objects have higher intrinsic optical, X-ray, and v-ray
luminosities than FSRQs.

Luminosity—peak frequency correlation. The present work
gives a close anticorrelation between the ~-ray luminosity and
synchrotron peak frequency for the whole blazar sample: log
LY =—(0.36 +0.07) log " + 51.91 £ 0.91, with r= — 0.32
and p< 10_4, which is similar to the result log
L% =—(0.580+0.166) log v%° + 53.918+£2276, with
r=—0.356 and p=7.73 x 10~* (Fan et al. 2017). When BL
Lac objects and FSRQs are considered separately, the
following results are obtained: log L;’b =—(0.16 £0.12) log

Vl‘;b + 49.02 £ 1.66 with r=—0.16 and p = 16.7% for 74 BL

Lac objects and log Lf,b =—(0.46 £0.10) log l/gb +
53.39 4 1.36 with r=—0.33 and p < 10™* for 181 FSRQs.
All the correlation results are listed in Table 3 and shown in
Figure 3 and Figure 4.

When we consider the intrinsic data, log LWirl =(1.29+0.11)

log Vi," + 24.49 + 1.39 with r =0.60 and p < 10~ * is obtained
for the whole sample. For the two subsamples, we have log
L)'= (128 £0.16) log v, + 24.82+2.16 with r=0.69 and

p < 10~* for the 74 BL Lac objects and log L." = (1.19 £ 0.18)

log vj + 25.73 +2.31 with r =0.44 and p < 10~ for the 181
FSRQs. The corresponding results are shown in Figure 3 and
Figure 4 and listed in Table 3. It is clear that there is an
anticorrelation between the observed luminosity (at the radio,
X-ray, and ~-ray bands) and synchrotron peak frequency, and
there is an anticorrelation between the peak luminosity (or
integrated synchrotron luminosity) and peak frequency (see
Figure 4). Our results about the observed luminosity and peak
frequency are consistent with those by Fossati et al. (1998),
Nieppola et al. (2008), and Mao et al. (2016). In this work, we
do not find a correlation for the optical band with the chance
probabilities being p ~35%, 30%, and 69% for the whole
sample, BL Lac objects, and FSRQs, respectively. This is
consistent with the result by Fan et al. (2017). This might result
from the contributions of the accretion disk emission in FSRQs
or host galaxy emission in BL Lac objects. However, there is a
close positive correlation between the intrinsic luminosity (at
the radio, optical, X-ray, and ~-ray bands; peak frequencys;
and integrated synchrotron luminosity) and the intrinsic
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Figure 5. Plot of Doppler factor () against peak frequency, where filled circles stand for BL Lac objects and open circles for FSRQs.

synchrotron peak frequency, as discussed in Nieppola et al.
(2008) and Fan et al. (2017).

Doppler factor. The Doppler factor, 6 = T Geost)’
important physics parameter in AGNs, which depends on two
parameters that cannot be directly observed, the bulk velocity,
0B, which can be expressed using the Lorentz factor as,
and the viewing angle, 6. So, it is difficult to

is an

obtain the Doppler factor directly from observations. Fortu-
nately, some indirect methods have been proposed (Ghisellini
et al. 1993; Mattox et al. 1993; Fan et al. 1999, 2009, 2013b;
Lihteenmiki & Valtaoja 1999; Hovatta et al. 2009; Liodakis
et al. 2018; Pei et al. 2020b; Zhang et al. 2020; Chen et al.
2021; Ye & Fan 2021). However, it is known that there is some
difference in the Doppler factors estimated from different
methods. Zhang et al. (2020) compared their Doppler factor
values with those estimated in the literature (Ghisellini et al.
2014; Chen 2018; Liodakis et al. 2018) for common sources
and found that the mean values from different literature are
(6) = 12.88 (Ghisellini et al. 2014), (6) = 20.0 (Liodakis et al.
2018), (6) = 13.87 (Chen 2018), and (6) = 13.16 (Zhang et al.
2020) for FSRQs and (6) =12.44 (Ghisellini et al. 2014),
(6) = 16.68 (Liodakis et al. 2018), (6) =27.33 (Chen 2018),
and (6) = 10.25 (Zhang et al. 2020) for BL Lac objects. From
the comparison, we can see that the average value of the
Doppler factor of FSRQs is higher than that of BL Lac objects
in these publications (Ghisellini et al. 2014; Liodakis et al.
2018; Zhang et al. 2020), but there are some differences in the

10

Doppler factor values estimated using different methods. So,
we want to stress that the result pertaining to the intrinsic data
depends strongly on the Doppler factors, and this dependence
will strongly influence our statistical results. Therefore, it is
very important to have a good method for the estimation of the
Doppler factor.

In this work, we adopted the Doppler factors from the work
by Liodakis et al. (2018), who obtained the Doppler factors
from radio variability for more than 800 sources. For the
present sample of 255 sources, the Doppler factors range from
6=0.22 to §=288.44. In our considerations, if 6 < 1.0, then
6 =11is adopted when we compute the intrinsic luminosity and
peak frequency, namely, L™ =L and vy = ng. The
Doppler factor in the work is plotted against the peak frequency
in Figure 5, which shows a tendency for the Doppler factor to
decrease with the synchrotron peak frequency, as found in
Nieppola et al. (2008). So, the lower peak frequency sources
have larger Doppler factors and are strongly boosted to become
more luminous, L% = §*teL" than are the higher peak
frequency sources. Such an effect results in an anticorrelation
between the luminosity and the peak frequency, as obtained
and discussed in the literature (Fossati et al. 1998; Pado-
vani 2007; Nieppola et al. 2008; Ghisellini & Tavecchio 2008).
This kind of anticorrelation is caused by a selection effect
(Giommi et al. 2012b, 2012a) or a beaming effect (Fan et al.
2017).

Giommi et al. (2012b) stated that an unbiased sample was
needed to test the robustness of the the blazar sequence, for
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which there is a strong anticorrelation between the luminosity
and the peak frequency (Fossati et al. 1998; Ghisellini et al.
1998), but an unbiased sample is not easy to obtain. As
Giommi et al. (2012b) mentioned, their samples were not
unbiased even though they were statistically well-defined. They
showed that the distribution of the synchrotron peak frequency
(log ;) strongly depends on the selection method so that
different samplings of the parameter (log;,) are obtained for
the various samples. They also noticed that the nonthermal
emission of BL Lac objects with higher peak frequencies
dominates the emission of their host galaxy, so that they show
featureless spectra and only a lower limit on the redshift can be
obtained. Bright BL Lac objects with known redshifts and
lower peak frequencies may be between BL Lac objects and
FSRQs. In this case, one can conclude that bright FSRQs (and
some lower-peaked BL Lac objects) have lower frequencies,
while higher-peaked BL Lac objects have only lower limits on
their luminosity. Therefore, an apparent anticorrelation shows
up between the luminosity and peak frequency. Using Monte
Carlo simulations, Giommi et al. (2012a) obtained an L-shaped
distribution of the luminosity against the synchrotron peak
frequency (logL versus log ;) if blazars with no redshift
measurements are not properly taken into account.

Blazars show extreme observational properties, which are due
to the beaming effect. Observations also indicate that FSRQs are
more luminous than BL Lac objects, and the Doppler factors of
BL Lac objects are lower than those of FSRQs. One can expect
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that sources with stronger boosting effects are brighter and easier
to detect. So, Fan et al. (2017) proposed that the anticorrelation
between the luminosity and frequency for the observed data is
from the beaming effect and used the intrinsic data to investigate
the correlation. They found positive correlations for the intrinsic
data and stated that the anticorrelation for the observed data is
caused by a beaming effect.

We also investigated the correlation between the Doppler
factor (log 6) and intrinsic -ray luminosity (log Lwin) and found
that they show an anticorrelation

logLvin = —(4.53 £ 0.15)log 6 + 46.10 £+ 0.18,
with r=—0.882 and p < 10~ for the whole sample of 248
sources with ¢ > 1.0. When we considered BL Lac objects and
FSRQs separately, it is found that log L;,“ =—4.07 £
0.24)log & + 45.72 + 0.25 with r=—0.901 and p < 10~*
for 68 BL Lac objects and log Lj/“ =—4.76 £
0.21)log 6 + 46.36 £ 0.25 with r=—0.864 and p<10~*
for 180 FSRQs. The scattering points and the corresponding
best-fitting results are shown in Figure 6 and listed in
Table 3. Since the beaming model gives Lfb = 64+“7L;,",
where o, =ap, — 1, one can estimate the Doppler factor
by adopting the obtained linear correlation, namely,

§ = (442Ly)w 7% for FSRQs, § = (19.28Ly ) 107
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for BL Lac objects and § = (8.04L47)uprll-525 for BCUs,
where Ly; = L,y/(IO47 ergs ).

~y-ray Dominance: In this work, the Compton dominance
parameter (CDP; CDP = V{,CL]EC / vpL,) is calculated and plotted
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against the bolometric luminosity, as shown in Figure 7. In the
figure, the bolometric luminosity is the sum of the integrated
luminosity (L) of the synchrotron component and the integrated
~-ray luminosity (L) from 1 GeV to 100 GeV.
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From Figure 7, which shows 251 sources with
CDP > 1.0, one can get log(CDP) = (0.36 £ 0.04)log Ly, —
15.67 £ 1.94 with a correlation coefficient r=0.487
and a chance probability of p < 10~* This suggests that
sources with higher CDPs tend to have higher bolometric
luminosities. We can also say that the inverse Compton
emission contributes to the main part of power for bright
sources. When the linear regression is performed to the ~-ray
luminosity and the bolometric luminosity, it is found that
log Lyo = (0.94 £ 0.01)log L., + 2.94 £ 0.37 with r=0.991
and p<10~* for the whole sample. When BL Lac
objects and FSRQs are considered separately, one can get
log Lpg = (0.97 £ 0.01)log L, + 1.29 £ 0.41 with r=0.997
and p<10~* for BL Lac objects and logLy, = (0.91 +
0.0D)logL, + 4.50 £ 0.48 with r=0.989 and p < 10~ for
FSRQs. The corresponding results are shown in Figure 8 and
listed in Table 3. So, we can use a y-ray luminosity as a proxy
for the bolometric luminosity for blazars.

The linear regression result indicates that the CDP is
correlated with the Doppler factor (9),

log(CDP) = (0.39 £ 0.11)log § + 0.96 % 0.12,

with »=0.228 and p=3.33 x 107* for 244 blazars with
6>1.0 and CDP > 1. The best-fitting result is shown in
Figure 7, and indicates that the higher CDP sources tend to
have larger Doppler factors.

4. Conclusions

In this work, we compiled a sample of 255 Fermi blazars
with available lower-energy monochromatic luminosities at the
radio, optical, and X-ray bands; synchrotron peak frequencys;
synchrotron peak luminosity; integrated synchrotron luminos-
ity; and Doppler factors. Then, we calculated their intrinsic
luminosities, intrinsic peak frequency, and CDP and investi-
gated some correlations. Our conclusions are as follows:

(1) On average, BL Lac objects show lower luminosities
than FSRQs, < L0b|BL > <<L°b\pSRQ > at the radio, optical,
X-ray, and v-ray bands for the observed data, but for the
intrinsic data, BL Lac objects show almost the same radio
luminosity as FSRQs, <Lg'lpL > ~ <Lg'|rsro>, and higher
luminosity than FSRQs, < L"|gL. > < L"|gsro > at the opti-
cal, X-ray, and -ray bands.

(2) We obtained anticorrelations between the luminosity (at
radio, X-rays, -rays, and peak frequency) and peak frequency.
However, those correlations, including that between the optical
luminosity and peak frequency for the intrinsic data, are
positive, suggesting that the anticorrelations for the observed
data may be due to a beaming effect or a selection effect.

(3) The CDP is correlated with both the bolometric
luminosity and Doppler factor, implying that the more highly
Compton-dominated sources are the more luminous, and this
higher luminosity results from Doppler boosting.

(4) The bolometric luminosity can be represented by the -
ray luminosity for Fermi blazars.
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