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Abstract

In this work, we compile a sample of 449 Fermi blazars with the luminosity of the broadline region, the black hole
mass, the beam radio luminosity, and the jet power; obtain the beam power and the black hole spin; investigate the
dividing line between BL Lacertae objects (BL Lacs) and flat-spectrum radio quasars (FSRQs) to identify the
discrepancies in their dominant mechanisms; and revisit the dependence of the jet power on the disk accretion
luminosity, the black hole mass, and the black hole spin. We come to the following conclusions. (1) A boundary of
log (Lprr/Lggq) = —3.14, separating the BL Lacs and the FSRQs, is obtained from the Bayesian analysis, which is
consistent with the results from the literature. We employ the boundary to divide the blazar candidates of uncertain
types into candidates for BL Lacs or FSRQs, and we find five changing-look blazars at the same time. (2) A strong
correlation is found between black hole mass and intrinsic -ray luminosity, but a weaker correlation is found
between black hole mass and observed y-ray luminosity. The latter is weakened by jet effects: it is apparently weak
for BL Lacs that have disordered amplification of the Doppler factor, since their mechanism is dominated by jets,
while it is moderate for FSRQs, since their mechanism is dominated by accretion processes. (3) The jets of both
FSRQs and BL Lacs are likely governed by the Blandford—Znajek mechanism.
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1. Introduction

Blazars are the most powerful subclass of active galactic
nuclei (AGNs), characterized by high luminosity, large and
rapid variability, high and variable polarization, superluminal
radio components, core-dominated nonthermal continua, bright
~-ray emission, etc. (Wills et al. 1992; Hartman et al. 1999;
Abdo et al. 2010a, 2010b; Acero et al. 2015; Ackermann et al.
2015; Fan et al. 2016, 2017, 2018, 2021; Ajello et al. 2020).
These extreme observational properties are caused by a
beaming boosting effect, where the jet direction is close to
the observer’s line of sight (Blandford & Rees 1978; Urry &
Padovani 1995). Blazars can be divided into flat-spectrum radio
quasars (FSRQs), with strong emission lines, and BL Lacertae
objects (BL Lacs), with weak or absent lines, on the basis of
their emission-line behaviors. Namely, based on the equivalent
widths (EWs) of the optical emission lines, blazars are
classified as FSRQs with EW >5 A and as BL Lacs with
EW < 5 A (Stickel et al. 1991; Urry & Padovani 1995). In light
of the ratio of the broadline region (BLR) luminosity to the
Eddington luminosity, FSRQs and BL Lacs were separated
with a dividing line of the order of Ly r/Lgga ~ 5 X 10~%, and
the purpose of dividing by the Eddington luminosity here is to
compare objects with different black hole masses (Ghisellini
et al. 2011; Sbarrato et al. 2012).

According to theoretical models of jet formation, the jet
originates from a spinning black hole, where the jet power is
only related to the spin and mass of the black hole with the
magnetic field at its horizon (Blandford & Znajek 1977, or to
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an accretion disk (Blandford & Payne 1982). Some studies
show that the jet power of the Blandford—Znajek process
derives from the black hole spin and the angular velocity of the
magnetic field, which in turn depends on the type of accretion
disk (Moderski & Sikora 1996; Ghosh & Abramowicz 1997).
In the further understanding of the physics of and the central
engines inside AGNs, the key point is to search for a relation
between jets and accretion processes (Celotti et al. 1997; Cao &
Jiang 1999). A correlation between jet power and accretion
disk luminosity is expected if the squared magnetic field and
the accretion rate are proportional (Ghisellini et al. 2014), and it
is reported that the magnetic field is correlated with the
accretion disk Iuminosity for radio-loud active galaxies
(Zamaninasab et al. 2014). There are many works exploring
such an indirect correlation between jet power and accretion
disk luminosity through the correlation between ~-ray/radio
luminosity and BLR Iuminosity, and a strong correlation is
obtained (Celotti et al. 1997; Cao & Jiang 1999; Sbarrato et al.
2012; Ghisellini et al. 2014; Xiong & Zhang 2014; Zhang et al.
2020). Meier (2002) has proposed that the spin and mass of the
central black hole also contribute to the jet power, besides the
contribution from accretion processes, which means that the jet
power is larger than the accretion disk luminosity.

In the physical structure of an AGN, Urry & Padovani (1995)
have illustrated that the basic source of the AGN’s luminosity is
the gravitational potential energy from a supermassive black hole
at the AGN’s center. For an astrophysical black hole, the black
hole mass and the black hole spin are two defining properties that
can be measured. Although it is difficult to estimate the central
black hole masses accurately, some methods for assessing the
black hole masses have been proposed: the reverberation mapping
technique (Wandel et al. 1999; Kaspi et al. 2000; Li et al. 2021;
Feng et al. 2021a, 2021b); the gas and stellar dynamics technique
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(Genzel et al. 1997; Magorrian et al. 1998); the variability
timescale technique (Cheng et al. 1999; Fan et al. 1999; Fan
2005); the broadline width technique (Laor 1998; McLure &
Dunlop 2001); empirical relation techniques, such as the Mgy—o
relation (Merritt & Ferrarese 2001; Wu et al. 2002); virial
estimator techniques, including broad H «, H 3, Mg1l, and C 1V
estimators from emission lines (McLure & Dunlop 2004;
Vestergaard & Peterson 2006; Vestergaard & Osmer 2009; Shen
et al. 2011; Shaw et al. 2012); and so on.

There has been great progress in the measurement of black
hole masses, but it is more challenging to study the black hole
spin directly, with only a few observations: rapidly rotating
black holes have been suggested from observations of Seyfert
galaxies and observations in X-ray of active galaxies (Wilms
et al. 2001; Fabian et al. 2002; Crummy et al. 2006), and a
large black hole spin has been suggested from observations of
the Galactic center black hole (Genzel et al. 2003; Aschenbach
et al. 2004). Daly (2009a) presented a method independent of a
model to estimate the black hole spin, using the outflow energy
and black hole mass. Theoretical prediction models that have
been made for black hole spin include the Blandford—Znajek
model (Blandford & Znajek 1977) and the Meier model
(Meier 1999), while the hybrid Meier model includes the
characteristics of the Blandford—Znajek model and the
Blandford—Payne model. In the context of the models
combined with the Blandford—Znajek model, and the Meier
model, which is in the form of a similar function, the black hole
spin can be studied from the black hole mass and the beam
power (the energy that is carried by the outflow per time) of the
radio sources, based on the hypothesis that the black hole spin
energy can power the AGN outflows (Daly 2009b). Daly
(2016) studied the relationship between beam power, accretion
disk bolometric luminosity, and Eddington luminosity, to
estimate the spin function with general equations for beam
power and accretion disk bolometric luminosity. Daly (2019)
then estimated the black hole spin, following and extending the
method from Daly (2016).

However, there are some issues that still remain open. In a
recent study, Chen et al. (2021) used a multiple regression to
link the jet power with the accretion luminosity, black hole
mass, and black hole spin, which may shed some light on the
way in which the jet power depends on those parameters in
Fermi blazars, and whether the jet formation is governed by the
Blandford—Znajek process or the Blandford—Payne process.
Another problem is to figure out the distinctions between the
dominant mechanisms of FSRQs and BL Lacs, respectively,
and to compare the relationships between jet power and
accretion luminosity /black hole mass/black hole spin for the
two subclasses. Moreover, an FSRQ with a strong line
emission may appear as a BL Lac, and, vice versa, a BL Lac
with EW > 5 A may be identified as an FSRQ (Sbarrato et al.
2012), while the objects lacking optical spectra that are marked
as blazar candidates of uncertain types (BCUs; Ackermann
et al. 2015; Acero et al. 2015), should be divided into either BL
Lac or FSRQ candidates, otherwise these BCUs will introduce
some confusion into these classification schemes. It is worth
noticing that the samples studied in other works (Ghisellini
et al. 2011; Sbarrato et al. 2012) are too limited to be
conclusive regarding the dividing line for classification using
Lpir/Lgqq- This work is mainly aimed at setting a boundary
between FSRQs and BL Lacs with Lgyr/Lggq, investigating
the correlations among jet power, accretion luminosity, black
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hole mass, and black hole spin, and exploring the jet formation
mechanism in a larger sample. It is arranged as follows.
Section 2 gives the sample, Section 3 gives the methods and
results, and Sections 4 and 5 present the discussions and
conclusions. The cosmology constant is adopted by a A cold
dark matter (CDM) model, with Hy=71km s ' Mpcfl,
QA =0.73, and 2y =0.27 throughout this paper (Komatsu
et al. 2011).

2. Sample

For the purpose of studying the boundary and the jet
formation mechanism, we try to obtain a large sample of Fermi
blazars with available BLR luminosity, v-ray luminosity, black
hole mass, beam radio luminosity, and jet power. To do this,
we collected the BLR luminosity from the available references,
then matched those selected blazars with the released Fermi
Large Area Telescope (LAT) catalogs: the LAT 1 yr Source
Catalog (1IFGL); the LAT 2 yr Source Catalog (2FGL); the
LAT 4 yr Source Catalog (3FGL); the LAT 8 yr Source
Catalog (4FGL); and the LAT 10 yr Source Catalog (4FGL-
DR2). First, the selected blazar with available BLR data was
cross-matched with 4FGL-DR2 (Ballet et al. 2020), then we
could calculate its y-ray luminosities from 4FGL-DR2 (con-
taining 4FGL), and if the selected blazar with available BLR
data did not match with 4FGL-DR2, then we would conduct
cross checks with 3FGL, 2FGL, or 1FGL, and the ~-ray photon
index and integral flux in the corresponding Fermi FGL
catalogs would obtained to calculate its y-ray luminosity.

The BLR luminosities were collected from the following
works: Celotti et al. (1997), Cao & Jiang (1999), Liu et al.
(2006), Shen et al. (2011), Chai et al. (2012), Sbarrato et al.
(2012), Shaw et al. (2012), Ghisellini et al. (2014), Xiong &
Zhang (2014), Zhang et al. (2020), Chen et al. (2021), and
references therein.

The black hole masses in this work are found in the available
literature and the present work. The literature includes Celotti
et al. (1997), Cao & Jiang (1999), Liu et al. (2006), Shen et al.
(2011), Chai et al. (2012), Sbarrato et al. (2012), Shaw et al.
(2012), Ghisellini et al. (2014), Xiong & Zhang (2014), and
references therein. The black hole masses obtained for 50
sources from Zhang et al. (2020) are also calculated in this
work. In this case, we can see that the black hole masses for the
whole sample consist of three components. First, there are 379
blazars whose black hole masses are related to the continuum
and BLR emissions: of these 379 sources, the data for 307
blazars were collected from various references, where the
available black hole masses were estimated by continuum
emissions, and for the other 72 blazars, their black hole masses
were calculated using the BLR emissions in this work,
including 50 blazars with new BLR luminosities and FWHMs
from the fitted broad emission spectrum from Zhang et al.
(2020), and 22 blazars with available BLR luminosities but
FWHMs that needed to be hunted down from references.
Second, there are 48 blazars whose black hole masses are
calculated from other empirical formulae: here, we use M —M,,
M —t, and M —o to indicate the black hole masses, which are
derived from the magnitude, the timescale, and the stellar
velocity dispersion. Finally, there are 22 blazars without
available black hole masses calculated from any of the above
methods. It was found that eight of these 22 blazars were given
average values in the work of Sbarrato et al. (2012), while for
the other 14 blazars we adopted the average mass values from
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the corresponding subclasses (BL Lacs, FSRQs, or BCUs in
this work) as their black hole masses.

Intema et al. (2017) presented the 150 MHz flux density for a
large number of sources detected by the Giant Metrewave
Radio Telescope (GMRT), and the available radio flux density
at 150 MHz can be taken as the flux density at 151 MHz (Fs).
In this sense, there are 415 common blazars with a beam radio
flux density detected by GMRT in this work. Based on the 150
MHz data, the beam power (L;) and the black hole spin () can
be calculated. The jet power is collected from Chen (2018). In
total, we obtained 449 Fermi blazars with both BLR luminosity
and ~-ray luminosity, 439 Fermi blazars coming from 4FGL-
DR?2, five Fermi blazars coming from 3FGL, and five Fermi
blazars coming from 1FGL. Of our whole sample of 449
blazars, there are 112 BL Lacs, 308 FSRQs, and 29 BCUs. The
sample is listed in Table 1.

3. Methods and Results
3.1. Calculation for Luminosity

The calculation of the total BLR luminosity was described in
Celotti et al. (1997), based on the model of Gaskell et al. (1981)
and Francis et al. (1991). Following the work by Celotti et al.
(1997), and given the sum of the observed luminosities in a
certain number of broad lines > ;L; ops, ONE can obtain the total

Lgir by:
(Lgir)
Z iL ifest

where Y-, L is the sum of the luminosities from the same
lines, estimated through the adopted line ratios. Here, Lf ,, is
normalized to 100, Liy., Liys, Litg u» and L& 1y are set as 77,
22, 34, and 63, respectively, and Ly g i8S set as 555.6, so the
line ratio is theoretically essentially constant for different
objects. If there is only one line, H «, for example, the
observed luminosity is Ly,, and it corresponds to a ratio of
Liio/Le1r = 77/555.6, meaning that its BLR luminosity can be
estimated by dividing the measured line luminosity by its line
{Lgir)

Ly,

When more than one line is present, to combine the different
BLR luminosities derived from the individual lines, we
calculate the total Lgir by weighting it from their measured
line luminosities:

Lpir = ) Liobs

) ey

ratio: LBLR = LHQ

<L];LR> Li,obs
Lifesl ziLi,obs

For instance, if there are H (3 and MgII lines for one source, we
will calculate the total Lg; g by weighting Lyg and Lygrr:

Lpir = ), Liobs @)

Lg1R) Lyg
L — L p < BLR
BLR HB Liig Lug+ Lymgn
(L) Lwmgn

+ Lvgn 7

Mell Lytgn Lung + Lmgn
The ~-ray luminosity is calculated as L,=4m di
(I + 2)o, —1F,, where z is redshift; d; is a luminosity distance

calculated from the ACDM model (Capelo & Natarajan 2007):
= R S B i
dL - (1 + Z) H, «[1‘ mdxs (1 + Z)(lﬁ,fl 18 a

K-correction with spectral index o, (f, v, ) at frequency v,
here a., = app —1; and oy, and F, are the photon index and the
integral flux in the -ray band from the Fermi FGL catalogs,
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respectively. For the details of the computational process, see
Fan et al. (2012).

The beam radio luminosity at 151 MHz was calculated as
Lg =4n dﬁ (1 +2)R _1F151, where ag is the radio spectral
index, adopted with the critical value of ag = 0.8 for 151 MHz
flux density from Cassaro et al. (1999). We can now conduct
statistical analyses for the whole sample, obtaining the
following results: the logarithm of the BLR luminosity is in a
range of 41.28-47.07 (erg s '), with a mean value of
4432+ 1.06 (erg s '); the logarithm of the y-ray luminosity
is in a range of 42.82-48.61 (erg s~ '), with a mean value of
46.1541.10 (erg s '); and the logarithm of the beam radio
luminosity at 151 MHz is in a range of 38.07—44.42 (erg s ),
with a mean value of 42.19 4 1.18 (erg sfl).

3.2. Black Hole Masses

The reverberation mapping can measure the size and
kinematics of the BLR from the time lags of the emission
lines in response to the continuum light curves (Kaspi et al.
2000), and it is a promising technique for estimating the black
hole masses for AGNs. Assuming that the gravity of the central
supermassive black hole is responsible for the dominant
mechanism of the BLR dynamics, then the virial black hole
mass can be estimated as:

ReLr Vi
Mpy = == BLR, 3)

where Rp; R is the BLR size that can be obtained from the time
delay of the emission lines to the continuum, Vgigr is the
velocity of the gas of the BLR, and G is the gravitational
constant (McLure & Dunlop 2004; Liu et al. 2006; VP06).
However, the reverberation mapping technique needs long-
term monitoring of both the continuum and the emission lines
(Oshlack et al. 2002), and this is difficult to achieve for all the
Fermi blazars. If the continuum luminosity (A L) is intended as
the size of the BLR, and the broadline width FWHM is
intended as the velocity of the BLR, then the virial black hole
masses are estimated from a relation in the following form:

AL, (FWHM)
X | ———— |+ 2log| ——| 4
(1044erg s") Fkms @

where the coefficients a, and b, are empirically calibrated
among different broad emission lines; McLure & Dunlop
(2004; hereafter, MD04) give the values of a, and b, for H 3
and Mg II, while Vestergaard & Peterson (2006; hereafter,
VP06) give the values for CIV. Shen et al. (2011; hereafter,
S11) fitted the continuum luminosity to the Mgl and CIV
luminosities, and Shaw et al. (2012; hereafter, S12) fitted the
continuum luminosity to the H 8 luminosity. S11 presented the
virial black hole mass based on the broadline luminosity and
FWHM for H «, following Greene & Ho (2005), which is
shown in Equation (5). Likewise, we summarized the virial
black hole mass, combining the calibration parameters of a,
and b, with the correlations of A Ly versus Lg; g, then obtained
the virial black hole masses for the H 3 line from MD04
and S12, for the MgII line from MDO04 and S11, and for the

M,
log( A;H) = ax + by log



Table 1
Sample of Blazars

Name Class z log Lgir line ref log M line ref log L, log Lg log L; J log Pijec
@ (@) 3 “ ® ©) (M ® ® 10) an 12) 13) (14)

4FGL J0004.4-4737 CF 0.880 44.11 Mg 1l S12 7.85 Mgl S12 46.01 42.45 43.90 0.76 46.20
4FGL J0006.3-0620 CB 0.347 43.14 Ha S89 8.53 mean-TW 44.56 41.87 43.40 0.51

4FGL J0008.4+-1455 CBU 0.045 42.32 Hp S12 8.19 Hp3 S12 43.02 38.43 40.45 0.04

4FGL J0011.4+0057 CF 1.493 44.63 Mg, C1v S12 8.8, 8.09 Mg, C1v S12 46.62 42.12 43.62 0.34

4FGL J0014.1+1910 CB 0.477 42.70 G14 8.30 C21 45.06 40.54 42.27 0.21

4FGL J0016.2-0016 CF 0.226 44.91 Mg, C1v S11 8.55,9.04 Mg, C1v S11 46.46 43.11 44.47 0.58 46.40
4FGL J0016.5+1702 CF 1.709 45.28 Mg, C1v S12 9.36, 9.15 Mg, C1v S12 46.34 41.95 43.47 0.13

4FGL J0017.5-0514 CF 0.227 43.79 H g S12 7.55 H g S12 44.72 40.65 42.36 0.22 45.10
4FGL J0019.6+7327 CF 1.781 44.99 Ly, CIV,Mgll L96 8.93 709 47.26 43.10 44.46 0.52

4FGL J0022.04+-0006 CB 0.306 42.56 Ha, HpG Sb12 8.49 M-o P11 44.62 40.77 42.46 0.26

4FGL J0023.7+44457 CF 2.023 44.28 Civ S12 7.78 Civ S12 46.39 42.14 43.63 0.58 46.50
4FGL J0024.74-0349 CF 0.545 43.80 Mg 11 S12 7.76 Mgl S12 45.03 40.66 42.37 0.19 45.60
4FGL J0042.2+2319 CF 1.426 44.63 Mgl S12 9.01 Mgl S12 46.54 42.70 44.12 0.41 46.70
4FGL J0043.8+4-3425 CF 0.966 44.02 Mgl S12 8.01 Mgl S12 46.99 41.61 43.18 0.36 45.80
4FGL J0044.2-8424 CF 1.032 44.88 Mgl S12 8.68 Mgl S12 45.85 46.30

Notes. Column (1): name—the superscripts of “1” and “3” denote the 1FGL blazars and the 3FGL blazars, respectively; otherwise, they are 4FGL blazars from 4FGL-DR2. Column (2): classification—"“CF” and “CB”
are the blazars confirmed as FSRQs and BL Lacs, respectively; “CFU” and “CBU” are the BCUs classified as FSRQs and BL Lacs resulting from the classification in Section 3.2; “CB-CF” is a BL Lac classified as an
FSRQ by the 1D and 2D methods; “CF-CB” is an FSRQ classified as a BL Lac by both the 1D and 2D methods; “CB-CF/CB” is a BL Lac classified as an FSRQ by the 1D method but classified as a BL Lac by the 2D
method; “CB-CF-CL"” is a changing-look blazar responsible for a case of “CB-CF”; and “UF” is a BCU that was previously classified as an FSRQ candidate. Column (3): redshift (z). Column (4): logarithm of the BLR
luminosity in units of erg s (log Lgy r)- Column (5): the estimators for Column (4), including lines of H o, H 8, Mg II, CIV, H 7, and L, ,. Column (6): the references for Column (4). Column (7): logarithm of the
black hole mass log M in units of solar mass (log (Mgu/M.)); the superscript of “e” denotes the estimated black hole masses for 22 blazars (of the 72 blazars that we calculated) with FWHMs searched from references.
Column (8): the estimators for Column (7), including lines of H o, H 3, Mg II, and CIV; “M — M,,” “M — t,” and “M — o¢” denote the black hole masses calculated by the magnitude (optical-B or optical-R band),
timescale, and dispersion of the velocity, respectively, from the empirical formulae; “mean-Sb12” denotes the black hole masses that were obtained by the mean value from Sbarrato et al. (2012); and “mean-TW”
denotes the black hole masses that were obtained by the mean value from each subclass in this work. Column (9): the references for Column (7). Column (10): logarithm of the y-ray luminosity (1 ~100 GeV) in units of
erg st (log L.). Column (11): logarithm of the radio luminosity at 151 MHz in units of erg s7! (log Lg). Column (12): logarithm of the beam power at 151 MHz in units of erg s7! (log Lj). Column (13): the spin of the
black hole (). Column (14): logarithm of the jet power SED compiled from Chen (2018) in units of erg s (log Pje). B81: Baldwin et al. (1981); B89: Baldwin et al. (1989); B94: Brotherton et al. (1994); B96:
Brotherton (1996); B99: Baker et al. (1999); B03: Barth et al. (2003); BM87: Browne & Murphy (1987); C92: Corbin (1992); C97: Celotti et al. (1997); C03: Cao (2003); C12: Chai et al. (2012); C18: Chen (2018);
C21: Chen et al. (2021); d94: di Serego Alighieri et al. (1994); E89: Espey et al. (1989); F83: Fricke et al. (1983); FO4: Fan & Cao (2004); GO1: Gu et al. (2001); G14: Ghisellini et al. (2014); GW94: Gelderman &
Whittle (1994); H78: Hunstead et al. (1978); J84: Junkkarinen (1984); J91: Jackson & Browne (1991); K85: Kinney et al. (1985); L96: Lawrence et al. (1996); L03: Liang & Liu (2003); M92: Morganti et al. (1992);
M96: Marziani et al. (1996); M99: Mclntosh et al. (1999); N79: Neugebauer et al. (1979); O84: Oke et al. (1984); 094: Osmer et al. (1994); O02: Oshlack et al. (2002); P89: Perez et al. (1989); PO4: Peterson et al.
(2004); PO5: Pian et al. (2005); P06: Panessa et al. (2006); P11: Plotkin et al. (2011); R84: Rudy (1984); RS80: Richstone & Schmidt (1980); S81: Smith et al. (1981); S93a: Stickel et al. (1993a); S93b: Stickel et al.
(1993b); S89: Stickel et al. (1989); S11: Shen et al. (2011); Sb12: Sbarrato et al. (2012); SC95: Scarpa et al. (1995); S12: Shaw et al. (2012); SJ85: Sitko & Junkkarinen (1985); SK93a: Stickel & Kuehr (1993); SK93b:
Stickel & Kuhr (1993); SS91: Steidel & Sargent (1991); T93: Tadhunter et al. (1993); TW: black hole mass calculated in this work; W84: Wampler et al. (1984); W86: Wilkes (1986); W95: Wills et al. (1995); W02:
Woo & Urry (2002); W04: Wang et al. (2004); WO05: Woo et al. (2005); WM96: Warren & Mgller (1996); X91: Xie et al. (1991); X04: Xie et al. (2004); Z09: Zhou & Cao (2009); Z20: Zhang et al. (2020). This table is
available in its entirety in machine-readable form.

(This table is available in its entirety in machine-readable form.)
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C1v line from VP06 and S11, which are expressed in
Equations (6)—(8):

log(MBH) = 0.379 + 0.43 log
Ha

©

Lya (FWHMHa )
X | ——— |+ 2.1log| —— |, 5
(lO“erg sl) *kms ! ®)
My
log| — = (1.63 = 0.04) + (0.49 £ 0.03)
Mo Jyg
Lug FWHMH(;)
x log| —— | + 2 log| — |, 6
g(1044erg sl) g( kms~! ©

O]
©

L FWHM
" Mg Il + 210 Mg )
10%erg s~! k

log (@) = (1.70 £ 0.07) + (0.63 £ 0.00) x log
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Therefore, one can use the luminosities and FWHMs of the
H o, H 8, Mg 11, or C1V lines to estimate the black hole masses.
In this work, there are 72 blazars with luminosities and
FWHMs for broad emission lines, but they have no available
central black hole masses. Of them, the FWHM data are
available for 50 sources in Zhang et al. (2020; 43 sources have
available FWHMs for the MgIl line, three sources have
FWHMs only for the Ha line, and four sources have FWHMs
only for the C1V line), and the FWHM data for the other 22
sources are found from earlier original references (13 sources
have FWHMs for the Mgl line, one source has an FWHM
only for the Ho line, and eight sources have FWHMs only for
the C1V line). Based on the BLR luminosity and FWHM data
for those 72 blazars, we estimated the black hole masses from
the Ha line for four blazars, from the Mg 1I line for 56 blazars,
and from the C1V line for 12 blazars.

For the other 22 blazars without black hole masses or
available FWHM data in the literature, eight sources were
given averaged values for their black hole masses from
Sbarrato et al. (2012), while the remaining 14 sources (six
FSRQs, five BL Lacs, and three BCUs) are without available
FWHM data from the literature. So far, we have obtained black
hole masses for 435 blazars, which give averaged values log
(Mgu/M) = 8.49 for 302 FSRQs, log (Mpy/M.) =8.53 for
107 BL Lacs, and log (Mgy/M.) = 8.46 for 26 BCUs. We
have adopted the averaged black hole mass values for the
subclasses of blazars as the black hole masses for the remaining
14 sources, namely, log (Mpy/M) = 8.49 are adopted for six
FSRQs, log (Mgy/Ms)=38.53 for five BL Lacs, and log
(Mgu/M.) = 8.46 for three BCUs. As a brief summary, these
22 sources are given with averaged black hole masses, eight of
them are from Sbarrato et al. (2012) and 14 are from this work.
In total, we obtain the black hole mass log (Mpy/M..), which is
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in a range of 6.35-10.21, with a mean value of 8.50 + 0.54, for
the whole sample.

3.3. Ratio of BLR Luminosity to Eddington Luminosity

The Eddington luminosity is expressed as

Lpaa = 1.3 % 1038(@) erg s\, 9)
M
The BLR luminosity is compared to the corresponding Eddington
luminosity, and the ratio log(Lprr/Lggq) is defined as the
parameter g r. The histogram of Ig;r is plotted in Figure 1,
and one can clearly see the signs of multiple components. To
classify the FSRQs and BL Lacs by the parameter Iy, the
Gaussian Mixture Modeling (GMM) clustering method is
performed on the distribution of Ig;r. The idea of GMM
clustering is to assume that the parameter obeys a distribution that
is a mixture of several Gaussian distributions, whose parameters
are unknown. First, given a set of parameters, a Gaussian mixture
probability can be obtained; then, given the g r observed, a
corresponding probability can be given; and the probability of all
Igir observed is equal to the product of the probabilities
corresponding to each /gy g observed. The actual sample obtained
from the Ig; g observed should correspond to the case where this
probability is the maximum, called the maximum-likelihood
probability. By finding the set of Gaussian distributions
corresponding to the maximum-likelihood probability, their mixed
probabilities can be used as a good approximation of the
probabilities obeyed by the sample. We use the R package
“Mclust” (Fraley & Raftery 2002; Fraley et al. 2012; Scrucca et al.
2016) to perform the GMM clustering. Bayesian Information
Criteria (BIC), with different types and numbers of models, were
obtained and are drawn in Figure 2. Two types of model are used
in the calculation of the BIC: one is the V (unequal variance)
model and the other is the E (equal variance) model. For the case
consisting of certain components, the BIC reaches the maximum.
For the Ig; g of a given source, its probability of belonging to a
certain Gaussian component is given by the GMM, and the
probability densities of each Gaussian component are plotted in
Figure 1. The Ig; y at the intersection of the two density curves has
an equal probability of belonging to one of these two components,
and thus can be used as the boundary for classification.

In Figure 1(a), there are three components in the case of the
V model, according to the BIC values from Figure 2, where the
two components expressed in red curves have similar mean
values: the broad one has a mean value of —1.93 - 0.72, while
the narrow one has a mean value of —1.87 4+ 0.25. These two
components should actually be the same component, because
they are unable to be separated. In this case, we set two
components in the case of the V model; see Figure 1(b). In
Figures 1(b) and 1(c), the FSRQs have a larger GMM
membership probability, while the BL Lacs have a smaller
GMM membership probability: the right component of the
intersection is for FSRQs, since they have strong BLR
emissions, while the left component of the intersection is for
BL Lacs, due to their featureless BLR emissions. For the main
purpose of the GMM, the V option is essential, but a
considerable proportion of the left component in Figure 1(b)
with the V model overwhelms the intersection with the larger
dispersion, implying that these BL Lacs have strong BLR
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Figure 1. The distributions and densities for the 1D data of Ig; g = log(Lpyr/Lgaa), With bins of 0.1. The left panel shows three components from the V model. The
medium panel shows two components from the V model. The right panel shows two components from the E model. The black curves represent the density distribution
of the whole sample, the blue curves represent those of the left component, divided as the BL Lac population, and the red curves represent those of the right

component, divided as the FSRQ population.

emissions, which is physically contradictory. In Figure 1(c),
with the E model, the left component is less than the right
component, except for only a few blazars, while the
classification with the E model in Figure 1(c) accords with
the physical characteristics of BL Lacs and FSRQs. For a brief
summary, the mean values and standard deviations of the two
subclasses, with more information for model V and model E,
are listed in Table 2.

Therefore, the £ model in Figure 1(c) is taken as the criterion
for our work, and the E model presents an intersection at —3.14
for lgrr. Choosing the /gr g value at the intersection as the
boundary for all the sources, the classifications can then be set:
Igir < —3.14 for BL Lacs and Ig; g > —3.14 for FSRQs.
Therefore, we can use this classification to classify a BCU
located in the region of FSRQs as a CFU (regarded as an FSRQ
candidate), and a BCU located in the region of BL Lacs as a
CBU (regarded as a BL Lac candidate). Based on this dividing
criterion for 1D data (the 1D method, for short), the results
show that 21 BCUs are CFUs and eight BCUs are CBUs.

We also employ a 2D scattering diagram of BLR luminosity
and Eddington luminosity for our whole sample (the 2D
method, for short). We mark them with different colors and
symbols, as shown in Figure 3, and we can identify the upper
cluster as belonging to FSRQs, due to their strong broadline
emissions, and the lower cluster as belonging to BL Lacs, due
to their weak broadline emissions. Accordingly, it is relevant to
point out each classification from the various approaches: the
result derived from the 1D method with /gy g = —3.14 is shown
as a solid line, while the one derived from Ghisellini et al.
(2011; hereafter, G11) with Ig; g = —3.30 is shown as a dotted
line (from Lgg/Lgga~ 5 % 10~%). These two dividing lines
are shown in Figure 4.

3.4. Jet Power

Ghisellini et al. (2014) expressed the jet power with diverse
sources as

P = 27RE,cT2(Up + U + Uy + Usa), (10)

where the factor of 2 represents two jets, R, is the radius of the
emitting region, I' is the bulk Lorentz factor, and Usg, U, U,
and U,y are the comoving energy density of the magnetic field,
that of the relativistic electrons, that of the protons, and that of
the produced radiation, respectively. The density of the jet can
be obtained from simulations of the observed spectral energy
distribution (SED), then used to calculate the energy carried by
the jet. Recently, Chen (2018) calculated the jet power based
on broadband SEDs for 1392 ~-ray-loud AGNs (Fan et al.
2016), providing good reference values for the jet power of
Fermi blazars. In his work, he assumed that the jet power is
made by electrons and protons, and the timescale is set as one
day. From his work, we found 355 common sources with our
sample, and we found the jet power to be in a range of
44.10-48.40 (erg s 1), with a mean value of 46.27 +0.72
(ergs ") for the 355 sources.

3.5. Beam Power

The kinetic jet power is obtained from the lobe energy
content divided by the corresponding age of the radio galaxies
(Rawlings & Saunders 1991). Later, Willott et al. (1999)
proposed a relation of kinetic jet power with extended radio
luminosity at 151 MHz,

PRt ~ 3 x 103¢372L 85, W, (11
where (, an unknown variety, is in a range of 1 < (< 20, and
can be calculated using the minimum energy density of the
radio lobe (Miley 1980), based on the jet model (Falle 1991),
and Ly 151 i the extended radio luminosity at 151 MHz, in
units of 10?8 W Hz ! sr_l, where the extended radio luminosity
at low frequency emerges in Equation (11), due to a routine: the
X-ray cavities inflated by the AGN jet (Allen et al. 2006) can
estimate the “work” done to expand the cavities, and the kinetic
power is estimated by dividing this “work” by the cavity ages
and is independent of the assumption of minimal energy
(Birzan et al. 2008; Cavagnolo et al. 2010; Meyer et al. 2011).



THE ASTROPHYSICAL JOURNAL, 935:4 (19pp), 2022 August 10

Zhang, Liu, & Fan

A
A/ \A
o
g | \
: A
\A
\A
o \
3 | A
T \
A
®)
@
o
o
(\‘ —
T
o
[Te)
o —
T
A EAV
I I I | I | | I |
1 2 3 4 5 6 7 8 9

Number of components

Figure 2. BIC values for models with up to nine clusters applied to the density distribution of /g; g = 10g(Lgrr/Lgaa)- The hollow triangles stand for the V (unequal

variance) model, while the solid triangles stand for the E (equal variance) model.

The parent population of the BL Lacs comprises Fanaroff
and Riley type I (FR I) radio galaxies (Fanaroff & Riley 1974)
with low luminosity, and the parent population of the FSRQs
comprises FR II radio galaxies with high luminosity (Pado-
vani 1992). Equation (11) can be applied to both FR II radio
galaxies and radio quasars, and Cao (2003) used it to estimate
the jet power as an approximation for BL Lacs whose radio
properties are similar to those of radio quasars, with a lower
limit of (=1, as the beam power can provide information to
determine the black hole spin (O’Dea et al. 2009; Daly 2011).
Therefore, we can adopt the following relation (derived from
Equation (11), with sr =4 7) to calculate the beam power for
both BL Lacs and FSRQs (Chen et al. 2021):

L 6/7
Li~17 % 1045@/2( oL 1) ergs—!, (12)

10* erg s~

for 415 sources in our sample with available beam radio
luminosity at 151 MHz. From the beam radio luminosity at 151
MHz, and adopting { = 1.0, as in Cao (2003), we calculated the
beam power and found that the logarithm of the beam power
was in a range of 40.15-45.60 (ergs '), with a mean value of
43.68 = 1.01 (erg s_l) for the 415 blazars.

3.6. Black Hole Spin

Daly (2016) gave an empirical relationship related to the
fundamental line of black hole activity, with beam power L;,
accretion disk bolometric luminosity L, and Eddington

luminosity Lggq:
L. A-1
I ( Lol ) ’ (13)

Lyl Lgaq

where A is a constant. The accretion disk bolometric luminosity
Ly and the beam power L; are easier to be parameterized, in
the form of general equations that can be combined together to
solve for the spin function f(j) in his paper. In this case, the
beam power and accretion disk bolometric luminosity need to
be parameterized as maximum possible values (L, (max) and
L; (max)). From Equations (4) and (5), Daly (2016, 2019)
rewrote the black hole spin function, f(j), as follows:

fO _( L ( Lo )A "
Jimax gLeda )\ GoorLeaa )
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Table 2
Classification Results
Model Class Component Mean st.de Cro.po Probability N
1) @ 3 (C) (&) © @ ®
\Y BL Lacs left —2.93 1.26 —2.43 0.417 150
A% FSRQs right —1.84 0.31 0.583 299
E BL Lacs left —4.07 0.50 -3.14 0.193 88
E FSRQs right —1.87 0.50 0.807 361

Note. Column (1): model, with a V model option and an E model option. Column (2): classification, with BL Lacs and FSRQs. Column (3): component, with a left
component and a right component. Column (4): the mean values for each component. Column (5): the standard deviations for each component. Column (6): where the
curves of the two components join at a crossing point. Column (7): the probability for each component. Column (8): the number for each component.

where j is the dimensionless black hole spin given by j=
Je/ (GM?), where J is the black hole spin angular momentum; fi.x
is the maximum possible value of f(j) corresponding to a
dimensionless spin j = 1; and the beam power and accretion disk
bolometric luminosity are parameterized with normalization
factors as Ly (Max) = gpol Lgad and L; (max) = g; Lgqq, Where
the dimensionless mass accretion rate m = 1 and the dimension-
less efficiency factors e =1, m, and e appear in the general
equations for L, and L; from Daly (2016).

The Blandford—Znajek model and the Meier model suggest
that the conversion from the spin function to the black hole spin

is Jf (D /fuax =1(1 + 41 —j2)7!, allowing the black hole

spin to be expressed as

i 2D s
D o+

for f(j)/fmax < 1. Daly et al. (2018) presented A ~ 0.45 £+ 0.01,
from a best-fit of the fundamental line, and Daly (2019)
adopted g, =1 and g;= 0.1, but we use a substitute for the
accretion disk bolometric luminosity, Lyo ~ 10Lgir (Net-
zer 1990), and calculate the spin of the black hole with
equations (14) and (15), obtaining the black hole spin as being
in a range of 0.0168-0.9995, with a mean value of 0.46 £ 0.26
for 415 blazars.

4. Discussions
4.1. Separating BL Lacs and FSRQs

As shown in Figure 4, both the 1D and 2D methods give the
same classifications, except for two sources (4FGL
J0434.1-2014 and 4FGL J1015.0+4926), marked as the solid
red stars, which are divided into the region of FSRQs by the 1D
method, but into the region of BL Lacs by the 2D method.
From the classification of 4FGL-DR2, we can see that some BL
Lacs in 4FGL-DR2 are assigned to the region of FSRQs by
both the 1D and 2D methods, and vice versa. Namely, from the
classification of the 1D method, 39 BL Lacs in 4FGL-DR2 are
located in the region of the FSRQ population (including the
two BL Lacs mentioned above), and seven FSRQs in 4FGL-
DR2 are located in the region of the BL Lac population. Based
on the classification of the 2D method, 37 BL Lacs in 4FGL-
DR2 are located in the region of the FSRQ population, and
seven FSRQs in 4FGL-DR?2 are located in the region of the BL
Lac population. These blazars are indistinct to the dividing line,
based on the 1D or 2D method, and these results provide some
inspiration for us: maybe some blazars are changing-look

blazars with broad emission-line turn-on (as FSRQs) or turn-off
(as BL Lacs).

For nonjetted and general AGNSs, if their X-ray slopes or
their broad emission-line profiles and intensities change
dramatically over time, they will be classified as changing-
look AGNs due to the changes in obscuration, or the variations
in the accretion rate, and thus ionizing luminosity, in a situation
where there are only line variations. The type will change when
the broad emission lines in the sight of the observer are
obscured by moving clouds or the dust torus (Goodrich 1989),
but this phenomenon cannot explain the strong changes of the
infrared band or low polarization (Sheng et al. 2017;
Hutsemékers et al. 2019). These changes may be due to tidal
disruption events (TDEs; Merloni et al. 2015), but TDEs
cannot explain the repeating changing-look AGNs. The
variations in the accretion rate of the accretion disk may
trigger changing-look AGN events (Sniegowska et al. 2020),
but the timescale for the variations in the accretion rate far
exceeds the observational timescale for changing-look AGNSs.
For jetted blazars, these are classified as changing-look blazars
if they transfer their types between FSRQs and BL Lacs at
different observational periods, and this potentially different
process may be related to the variations, as the broad emission
line is overwhelmed by the continuum from the nonthermal jet
emission (Ghisellini et al. 2012; Pefia-Herazo et al. 2021).

We think that some BL Lacs in 4FGL-DR?2 are divided into
the FSRQ population by both the 1D and 2D methods (and
vice versa) due to their changing-look characteristics, and we
can also obtain more evidence for changing-look blazars from
the classifications in the different Fermi FGL catalogs. Now,
we focus on the objects discussed above, and track the histories
of their classification in the Fermi FGL catalogs (including
1FGL, 2FGL, 3FGL, and 4FGL/4FGL-DR2). If an object is
labeled as a different subclass in different Fermi FGL catalogs,
then it is recorded as a changing-look blazar in our sample. In
this way, we find five changing-look blazars (4FGL J0114.8
+1326: 1bzb/2bzq/3CB/4CB; 4FGL J0203.74+3042: lagu/
2bzq/3CB/4CB; 4FGL J0407.54+0741: 1bzq/2bzq/3CB/
4CB; 4FGL J0433.143227: 1bzq/2bzq/3BCU/4CB; and
4FGL J1058.4+0133: 1bzq/2bzb/3CB/4CB). For example,
1bzb/2bzq/3CB /4CF means that this object is classified as a
BL Lac in 1FGL (denoted as “bzb” from the text in 1FGL), is
classified as an FSRQ in 2FGL (denoted as “bzq” from the text
in 2FGL), is classified as a BL Lac in 3FGL (denoted as a CB
in this work), and is classified as an FSRQ in 4FGL (denoted as
a CF in this work); “agu” here means the active galaxies of
uncertain type, from Nolan et al. (2012). Interestingly, these
five sources are all distributed in the region of the FSRQ
population; see Figure 4.
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Figure 3. The GMM fit for 2D data. The 2D classification is based on the BLR luminosity and the Eddington luminosity. The solid blue circles represent the BL Lac
population, with weak emission, and the hollow red squares represent the FSRQ population, with strong emission.

From the results of the comparison in Figure 4, both the 1D
and 2D methods support the dividing line proposed in GI11
(LeLr/Lgdqa ~ 5 X 1074), which indicates that the FSRQs have
more powerful BLR luminosities in units of Eddington
luminosity than do the BL Lacs. Compared to the classification
of the 2D method, we can utilize the result of the 1D method as
a criterion for separating the BL Lacs and the FSRQs. One
important point that should be stressed is that we still use the
classifications for the BL Lacs and FSRQs labeled in 4FGL-
DR2, and that the purpose of the classifications described by
the 1D or 2D methods in this work is to divide the BCUs into
candidates for FSRQs (“CFUs”) and BL Lacs (“CBUs”). We
label “CFs” as FSRQs and “CBs” as BL Lacs: “CFs” are the
FSRQ population of the total FSRQs and CFUs, “CBs” are the
BL Lac population of the total BL. Lacs and CBUs, and “CLs”
are changing-look blazars in this paper.

4.2. Black Hole Masses
4.2.1. Comparisons of Black Hole Masses

Narrowline Seyfert 1 galaxies (NLS1s) are also a subclass of
AGNs with powerful relativistic jets, and y-ray emissions from
three radio-loud NLS1s have been detected by Fermi LAT, as

well as blazars and radio galaxies (Abdo et al. 2009). However,
we did not calculate the black hole masses for the NLSIs,
because the physical characteristics of the NLS1s are different
from those of blazars and radio galaxies. For examples, the
NLS1s are hosted in spiral galaxies (Crenshaw et al. 2003),
while the blazars and radio galaxies are hosted in elliptical
galaxies (Sikora et al. 2007), and the black hole masses of
NLS1s are lower than those of blazars and radio galaxies,
which is possibly caused by the inclination projection effect
described in Chen et al. (2018), therefore we focus on blazars
in this work, even though NLS1s have powerful relativistic jets
as blazars. Based on the reverberation technique (Wandel et al.
1999; Kaspi et al. 2000), the estimated black hole masses are
distributed over a range of 10’— 10® M., for 17 Seyfert 1
galaxies and over a range of 10°—10° M, for 17 quasars. Based
on the minimum variability timescale, Xie et al. (2004)
estimated black hole masses over a range of 10’*—10"* M,
for 39 blazars. In the present sample of 449 blazars, their black
hole masses are in a range of 10°°° —10'?' M. It is also
obvious that there are six blazars (4FGL J0217.0-0821, 4FGL
J0217.4+7352, 4FGL J0430.3-2507, 4FGL J0910.0+4257,
4FGL J1625.74+4134, and 4FGL J1954.6—1122) in our sample
whose black hole masses, as derived from the lines of
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Figure 4. Comparisons among three different methods for the classification of
blazars. The hollow black stars represent BL Lacs (CB), the hollow black
circles represent FSRQs (CF), the solid black stars represent BCUs separated
into the BL Lac population (CBUs), the solid black circles represent BCUs
separated into the FSRQ population (CFUs), the hollow red triangles represent
changing-look blazars (CLs), and the solid red stars represent BL Lacs that are
separated as FSRQs by the 1D method, but are separated as BL Lacs by the 2D
method. The solid black solid line represents the classification result from the
1D method, and the black dashed line represents the classification result
from G11.

H 3/Mgii/C1V in the available literature, are smaller than
107 M., and one blazar, 4FGL J2134.2-0154, whose black hole
mass, as derived from the magnitude, is more massive than
10'°M,..

To test whether our complements to the black hole masses of
some sources are correct and reasonable, we compared the
black hole masses in the following categories. For the whole
sample in this work (449 objects), we used CO for blazars with
available masses from continuum emissions (307 objects), TW
for blazars whose masses we calculated using BLR emissions
in this work (72 objects), and OM for blazars whose masses
were calculated from other methods, including empirical
formulae, in the available literature (48 objects); see Table 1
for the details of each category. A Kolmogorov—Smirnov (K-
S) test was done for pairs of each of the specified categories,
the null hypothesis being that the two categories specified were
drawn from the same distribution, with the statistic value Dgg
being the maximum separation of the cumulative fractions of
the two categories. The results show that the significant level
probability is pgs=0.11 with Dxs=0.16 for TW-CO and
pxs = 0.01 with Dgg=0.30 for TW-OM, suggesting that the
distribution of the black hole masses that we calculated in this
work (TW) is similar to that of the available ones (CO), but
different from the distribution of the black hole masses
calculated from other methods (OM), because both TW and
CO use the same method, with BLR or continuum emissions,
but TW and OM use different methods, and, of course, there
are different sources of error. In spite of this, the distribution of
the black hole masses of 72 blazars (66 FSRQs, five BL Lacs,
and one CFU) that we estimated is reasonable; see the
distributions with probability densities in Figure 5.

4.2.2. Error Sources of Estimations for Black Hole Masses

We consider the drawbacks of this virial method for black
hole mass estimation. First of all, the different versions of the
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calibration have an influence on the coefficients a,. and b, in
Equation (4): MDO04 adopted the old version of reverberation-
based black hole mass and virial coefficients to calibrate the
broad lines of HG and Mgll, while others (e.g., VPOO;
Vestergaard & Osmer 2009) have adopted the updated version
of reverberation-based black hole mass and virial coefficients,
from Onken et al. (2004), for the calibration. Second, the broad
emission for deriving the size of the BLR, and the measurement
of the FWHM for the velocity of the BLR, both directly affect
the value estimated for the black hole mass, and it is
straightforward to estimate the virial black hole mass by
simplifying the properties of the broad lines. Six blazars with
black hole masses smaller than 10’ M., collected from the
literature, perhaps have smaller FWHM measurements. Last
but not least, the continuum luminosity would be contaminated
by the effects of the synchrotron radiation from the jet, the dust,
and the host galaxy of the AGN (Oshlack et al. 2002), where
the obscurity of the dust is likely to reduce the continuum
luminosity, while the enhancements of the jet synchrotron
radiation and the host galaxy may be the reason why the object
with a black hole mass that was estimated from the magnitude
was larger than 10" M.

In summary, for jetted sources (including blazars), the
continuum luminosity, which is more or less significantly
contaminated by the jet continuum, and the FWHM, which
depends on the accretion luminosity and the inclination of the
disk, are not better options for estimating the central black hole
mass, but a large majority of our sample was directly obtained
from S12, who also use the virial method; their black hole masses
provided useful references for our calculation results in this work,
but we still adopted the method outlined in Equations (5)—(8) to
estimate the black hole masses of 72 blazars.

4.2.3. Correlations between ~-Ray Luminosity and Black Hole Masses

The relativistic beaming effect causes an enhancement to the
emissions from the jet in the observer’s frame: F°® =& F™,
where F°° is the observed emission, F™ is the intrinsic emission,
6 is the Doppler factor, which can be calculated as in Zhang et al.
(2020), and k is the value related to the shape of the emission
spectrum and the detailed physics of the jet (Lind &
Blandford 1985), so that k=2 + « for a continuous jet and
k=3 + « for a discrete jet. The relation between black hole mass
and radio luminosity has been investigated in earlier works (Lacy
et al. 2001; Oshlack et al. 2002; McLure & Jarvis 2004), but we
have revisited this relation using observed and intrinsic ~-ray
luminosities in this work, with the scatter diagrams being shown
in Figures 6(a), (b), and (c). The black hole mass is weakly
correlated with the observed ~-ray luminosity from the
BISECTOR fit of ordinary and symmetrical least-squares
(OLS; Feigelson & Babu 1992) for the whole sample:

logL, = (3452 £ 0.71) + (1.37 £ 0.08)log M, (16)

with a correlation coefficient 7p =0.21 and a significant level
probability pp < 10~* from a Pearson regression, rs = 0.23 and
ps<10~* from a Spearman regression, and r¢x =0.15 and
px < 107* from a Kendall regression, where all the p-values are
smaller than 10>, For the continuous jet, the black hole mass is
moderately correlated with the intrinsic v-ray luminosity for the
whole sample:

log Lf,in =

(23.31 £ 0.98) + (225 £ 0.12)logM,  (17)
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methods (abbreviated as OM). The upper panel shows the cumulative frequency distributions for the corresponding distributions of CO, TW, and OM.

with rp=0.51 and pp< 107* from a Pearson regression,
rs =048 and ps<10~* from a Spearman regression, and
rk = 0.34 and px < 10~ from a Kendall regression, where all
the p-values are smaller than 10~%". For the discrete jet, this
relation is also moderate for the whole sample:
log L?™ = (19.09 =+ 1.30) + (2.65 + 0.15)logM,  (18)
with rp=0.47 and pp< 10~* from a Pearson regression,
rs =0.44 and pg< 107* from a Spearman regression, and
rk =0.31 and px < 10~* from a Kendall regression, where all
the p-values are smaller than 10~
As shown in Figures 6(a), (b), and (c), one can see the
distributions of black hole mass and ~-ray luminosity. Whether
the distribution of the BL Lac population (CBs) is similar to the
distribution of the FSRQ populations (CFs) is something that
needs to be tested. We used a new multivariate two-sample test,
called the Cramér Test, included in the R package “cramer,” to

conduct the statistical test. The Cramér-statistic 7,,, is given
by:

2 mn o -
S o(IX — Vi|P)
L,J

m—+ n\ mn—;

Tm,n:
1 Z - =0

- =2 o(1Xi — X[P)
m*

1 e o
- ;Z (1% = 4P |- (19)
i

11

where the function ¢ is a kernel function, defined by default as

(bCramer (‘xi) = ﬂ ’

5 (20)

m is the number of observations in x sample and » is that in y
sample, X; denotes the ith observation in x sample, and I_/;
denotes the jth observation in y sample. For the calculation of
the critical value, a permutation of the Monte Carlo bootstrap
method is chosen. More details about the test can be found in
the cookbook for the R package “cramer” and the references
therein (e.g., Baringhaus & Franz 2004).

First, the Cramér Test for the distributions of log M and log
L., in the CB sample and in the CF sample is performed. There
are 120 observations in the CB sample and 329 observations in
the CF sample. The observed Cramér-statistic is 35.96, which
is higher than the critical value of 1.84 for the 95% confidence
level, and the estimated p-value is extremely close to 0.
Therefore, the distributions of log M and log L., in the CB
sample are not similar to those in the CF sample. Next, the
Cramér Test for the distributions of log M and log L2™ in the
CB sample and in the CF sample is performed. The number of
observations in the CB sample is 120 and there are 329
observations in the CF sample. The observed Cramér-statistic is
4.60, which is nearly twice the critical value of 2.00 for the
95% confidence level, and the estimated p-value is 0. Thus, the
distributions of log M and log L>™ in the CB sample are still
different from those in the CF sample, but not as extreme as in
the first test. Last, the distributions of log M and log Lz’“ in the
CBs and in the CFs are also tested, with 120 observations for
the CBs and 329 observations for the CFs. The observed
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Figure 6. Scatter diagrams of the relation between ~-ray luminosity and black hole mass. The blue star symbols represent the BL Lac population (CBs) and the red
circle symbols represent the FSRQ population (CFs). The left panel shows the correlation between the observed y-ray luminosity and the black hole mass. The middle
panel shows the correlation between the intrinsic y-ray luminosity of continuous jets and the black hole mass. The right panel shows the correlation between the
intrinsic y-ray luminosity of discrete jets and the black hole mass.

Table 3
Linear Regression Results from OLS Fitting
Y X Class N n+ An m+ Am rp pp rs Ps rk Pk
1 2 3 @ ® © (O] ® ()] 10 an (12)
logL, logM CFs 329 3536 £ 0.62 1.31 £0.07 0.34 p < 0.001 0.34 <0.001 0.23 p < 0.001
logL, logM CBs 120 34.55 £ 1.88 1.26 +£0.22 0.11 0.25 0.06 0.49 0.05 0.41
logL%"" logM CFs 329 22.14 £0.98 240 £0.12 0.58 p < 0.001 0.57 p < 0.001 0.40 p < 0.001
logL%"“ logM CBs 120 29.99 £ 2.40 1.44 £0.28 0.19 0.04 0.13 0.15 0.09 0.15
logL3™® logM CFs 329 17.37 £ 1.27 2.86 £0.15 0.54 p < 0.001 0.51 p < 0.001 0.36 p < 0.001
logL%"" logM CBs 120 28.51 +£3.29 1.53 +£0.39 0.16 0.07 0.14 0.13 0.10 0.12
logPie logLaisk CFs 266 9.97 £2.12 0.80 £ 0.05 0.51 p < 0.001 0.49 p < 0.001 0.36 p < 0.001
logPie logLaix CBs 89 -142+£343 1.07 £ 0.08 0.53 p < 0.001 0.58 p < 0.001 0.41 p < 0.001
logPje 2logj + 3logM CFs® 274 34.69 +1.08 0.47 £0.04 0.37 p < 0.001 0.40 p < 0.001 0.29 p < 0.001
logPje 2logj + 3logM CBs® 56 29.19 £2.02 0.67 £+ 0.08 0.58 p < 0.001 0.54 p < 0.001 0.39 p < 0.001
logPje logM CFs 266 38.44 £ 0.35 0.93 £0.04 0.37 p < 0.001 0.40 p < 0.001 0.28 p < 0.001
logPje logM CBs 89 37.17 £ 143 1.04 £ 0.17 0.02 0.85 —0.03 0.82 —0.02 0.79
logP;e logj CFs 249 47.01 £ 0.05 1.87 £0.14 0.35 p < 0.001 0.40 p < 0.001 0.29 p < 0.001
logPje logj CBs 81 47.78 £0.13 3.08 £0.17 0.78 p < 0.001 0.77 p <0.001 0.56 p <0.001

Note. Column (1): dependent variable. Column (2): independent variable. Column (3): classification. Column (4): the number of each classification; “CFs” indicates
the total of the FSRQ, CFU, and named FSRQ populations; “CBs” indicates the total of the BL Lac, CBU, and named BL Lac populations; “CFs®” indicates the
compound CFs—the CFs plus the blazars of “CB-CF” and “CB-CF/CB,” but minus the blazars of “CF-CB”; and “CBs“*” indicates the compound CBs—the CBs
plus the blazars of “CF-CB,” but minus the blazars of “CB-CF” and “CB-CF/CB” (see “CB-CF,” “CB-CF/CB,” and “CF-CB” from Table 1). Column (5): intercept
and uncertainty. Column (6): slope and uncertainty. Column (7): correlation coefficient from Pearson. Column (8): chance probability from Pearson. Column (9):
correlation coefficient from Spearman. Column (10): chance probability from Spearman. Column (11): correlation coefficient from Kendall. Column (12): chance
probability from Kendall.

Cramér-statistic is 3.53, which is more than the critical value of amplifications of the observed ~-ray luminosity will vary for
2.46 for the 95% confidence level, and the estimated p-value is each source in the sample, meaning that the observed ~-ray
0.012. The possibility of the observations of the CBs being luminosity will reduce its correlation with the black hole mass.
distributed like the observations of the CFs is rejected.

The correlations of the CFs and CBs are listed in Table 3. 4.3. Mechanisms of Jet Formation

From this and Figures 6(a), (b), and (c), we can see that the CFs
have a stronger correlation between the observed (as well as the
intrinsic) y-ray luminosity and the black hole mass than do the
CBs. For both the CBs and the CFs, the correlation between the
intrinsic y-ray luminosity and the black hole mass is slightly
stronger than that between the observed ~-ray luminosity and
the black hole mass. This suggests that the black hole mass is

We collected the jet power SED from Chen (2018) and
obtained the beam power from the beam radio luminosity for our
sample, then drew a comparison between these two kinds of
powers. The distributions and probability densities between these
two kinds of powers are shown in Figure 7. We can see from
Figure 7 that the K-S test gives a significant level probability of
pks < 0.001, with a maximum separation of the cumulative

more closely related to the intrinsic luminosity than the fractions Dgg = 0.70, which means that the distribution of the jet
observed luminosity. As for the reason for the weak correlation power SED and that of the beam power are drawn from different
between the observed ~-ray luminosity and the black hole distributions. The derived beam power is an average over a long
mass, we think that it comes from the beaming effect, since the timescale, as million of years are required to excavate for cavities,
observed ~-ray luminosity (L,) is boosted by the beaming while the obtained jet power SED strongly depends on the ~-ray
effect, L°° = 6 ' L™ (F°° = & F™™). If the beaming effect (i.e., luminosity, and the ~-ray emission that dominates the energy
the Doppler factor) is different for different sources, then the output is based on short timescales, which are much shorter than

12
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Figure 7. The lower panel shows the distributions of the logarithm of the jet power: the solid line represents the jet power SED (log Pj.) obtained from Chen (2018)

and the dotted line represents the beam power (log
distributions for these two kinds of jet powers.

those at radio frequencies, such as days, weeks, months, or even
years, if we consider the average timescale from the LAT
catalogs. Therefore, the jet power derived from the SED will
always be much greater than the beam power derived from the
beam radio luminosity at low frequency.

4.3.1. Jet—-Disk Connection

Ghisellini (2006) considered that the Pointing flux is the
driving energy of relativistic jets, so the Blandford—Znajek
power (Blandford & Znajek 1977) is constrained under some
assumptions:

Lgz ~ 6 x 1020(a ) (MB“) B?ergs!,
m M\f/‘

where ﬂ (:j) is the specific angular momentum of the black

1)

hole, w1th — ~ 1 for a maximum rotating black hole, aj is
defined as aJ =J/(Mc), m=GM / ¢” is the gravitational radius
of the black hole, and B is the magnetic field in units of Gauss.
As a small portion (eg) of the energy from gravitation, the
magnetic energy density (UB = g;;) in the vicinity of the black
hole is expressed as:

GMpup Ry pc
p——oHF

Ugp = ¢ =€
b R BR 2

(22)

R =

p is linked to the accretion rate—M =27 R H pfg c, H is the
disk thickness, Grc is the radial infalling velocity, and the disk
luminosity isLgisk = 7,..Mc?, with 7,.. being the accretion

2G£WBH is the Schwarzschild radius, R is the stellar radius,

13

Li, or log L;) calculated from the beam radio luminosity. The upper panel shows the cumulative frequency

efficiency. The Blandford—Znajek power is then:

2 p3
a Rs e Ly
Ly ~ (2] Fo oL, 23)
R°H Mace BR
and when R~ H~R, % ~1, eg~1, and Br~1, the
maximum jet power is as follows (Ghisellini 2006):
L is
Liz,max ~ % (24)

Therefore, there is a link that directly connects the jet power
and the disk luminosity, which is studied extensively in the
literature (Celotti et al. 1997; Cao & Jiang 1999; Sbarrato et al.
2012; Ghisellini et al. 2014; Xiong & Zhang 2014; Zhang et al.
2020). The correlation between the jet power and the disk
luminosity is moderately strong, and it shows the OLS
BISECTOR fit for our whole sample:

log P = (11.76 £ 1.47) + (0.76 £ 0.03)log Lgisk,  (25)

with rp=0.51 and pp< 107* from a Pearson regression,
r¢=043 and ps<10~* from a Spearman regression, and
rk = 0.32 and px < 10~* from a Kendall regression, where all
the p-values are smaller than 10~ '7. The scatter diagrams are
shown in Figure 8, with the color bar indicating the black hole
mass, and Figure 9, with the color bar indicating the black hole
spin, respectively.

In Figures 8 and 9, the diagonal lines represent an equivalent
relation of Pj; = Lgig, and almost all CBs have a much larger jet
power than accretion disk luminosity, except for the four BL Lacs
that lie below the diagonal line. The four objects are 4FGL
J0325.5-5635, 4FGL J0433.14+3227 (we identified this as
a changing-look blazar), 4FGL J0856.84+2056, and 4FGL
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Figure 8. Scatter diagram between the jet power SED (log Pj.) and the disk
luminosity (log Lgisk). The diagonal line shows log Pje = log Ly, the color
bar from blue to red shows the black hole mass from low to high, the stars
represent the BL Lac population (CBs), and the circles represent the FSRQ
population (CFs).

J2243.7-1231, and they are classified as FSRQs by our 1D and
2D methods in this work. The CFs are located closer to the
diagonal line: a majority of the CFs have a slightly larger jet
power than accretion luminosity, and a small number of CFs have
a jet power that is slightly less than the accretion luminosity. Our
results suggest that Pje; > Lg;g for almost all CBs, and Pje; ~ Lgisx
for a larger number of CFs. The result for the CFs is in agreement
with that from Chen (2018), who only studied FSRQs, due to the
missing broadline emissions in BL Lacs.

The distributions of log Lg;g and log P in the CB sample and
in the CF sample are also shown in Figures 8 and 9, and are used
to perform the Cramér Test. There are 89 values for the CBs and
266 values for the CFs. The observed statistic is 45.57, the critical
value for the 95% confidence level is only 1.64, and the estimated
p-value is 0. These values mean that the distribution of the CBs is
not similar to the distribution of the CFs.

Ghisellini (2006) provided interpretations for the different
phenomena of FSRQs and BL Lacs similar to the above
correlations: the jets in FR II radio galaxies (the parent
population of the FSRQs) are powerful, and only a small
fraction of their power needs to be dissipated to power the radio
lobes, therefore the jet power in FR 1I radio galaxies (FSRQs)
is comparable to their accretion disk luminosity (or slightly
larger than when flaring). For most powerless FR I radio
galaxies (the parent population of the BL Lacs), there are no
strong broad emission lines manifesting the accretion disk
luminosity, so the jet power in FR I radio galaxies (BL Lacs) is
much larger than their accretion disk luminosity. Chen (2018)
has also explained the phenomena of a considerable number of
FSRQs: their jet power is greater than their accretion disk
luminosity, and the ratio of their jet power to their accretion
disk luminosity (log(Pije /Lgisk)) is greater than zero. This
suggests that there are other ingredients, not only the accretion
disk luminosity, for the launching of the jets, and that the jets in
FSRQs may be dominated by the Blandford—Znajek process
(Blandford & Znajek 1977).

4.3.2. Jet Launching

Daly (2009b) described and summarized the Blandford—
Znajek model for the relationship among beam power (L;),
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Figure 9. Scatter diagram between the jet power SED and the disk luminosity
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hole spin from low to high, the stars represent the BL Lac population (CBs),
and the circles represent the FSRQ population (CFs).

black hole mass (M), black hole spin (), and magnetic field
strength (B) in the form of

Li(BZ) ~ 2 x 10¥2MB} erg s~\. (26)

Using the relations of the Blandford—Znajek power mentioned
2 .
above—Up = g—_, Ry = 2580 M =27 RH p fg ¢, Laisk = Tace

CZ
M &, B4~Bp0/(104G), where B,y = J30B is the poloidal
magnetic field strength at the horizon, obtained by comparing
Equations (21) with (26), and using the jet power SED (Pje,)
instead of the beam power (L;(BZ)—we can obtain:

log Piee =~ 20.78 + 2logj + 3logM

4G )
R3c3773.CC

Equation (27) means that the accretion disk luminosity (related
to the magnetic field strength), the central black hole mass, and
the black hole spin all contribute to the jet power, supporting
some theoretical works (e.g., Blandford & Znajek 1977,
Meier 1999, 2001). But we hope to know how the jet power
depends on the mass and the spin, and, for the two subclasses
of blazars, whether there are differences in terms of the
contributions to the jet power from the mass and the spin.
Therefore, we investigate the correlation of the jet power
(logP;e) with the black hole mass and spin (2logj + 3logM)
be considered a canonical value, with 7,..=0.1 for the
standard accretion mode (Ghisellini & Tavecchio 2008), or a
maximum value of 7,,. = 0.3 from Thorne (1974). The OLS
result shows a strong correlation for the whole sample:

log Piet = (32.37 + 0.93)
+ (0.56 + 0.04)(2logj + 3logM),

+ log Lgisk + log( 227)

from Equation (27). We neglected log( ), because it can

(28)

with a coefficient rp =0.39 and pp < 10~* from a Pearson
regression, rs =0.46 and ps < 10* from a Spearman regres-
sion, and rg = 0.32 and pg < 10~* from a Kendall regression,
where all the p-values are smaller than 10~'3. The scatter
diagram is shown in Figure 10.
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Figure 10. The correlation between the jet power (logPj) and the sum of the
black hole mass and spin (2logj + 3logM). The hollow stars are the BL Lacs in
4FGL-DR2; the blue spherical symbols are the FSRQs in 4FGL-DR2 that are
divided into BL Lacs by the 1D method; the hollow circles are the FSRQs in
4FGL-DR2; the red star symbols are the BL Lacs in 4FGL-DR2 that are
divided into FSRQs by the 1D method; and the hollow red triangles are
changing-look blazars. Based on the classification results of the 1D method, the
BL Lac population (CBs) here includes the BL Lacs that are marked with
hollow stars and blue spherical symbols, and the FSRQ population (CFs) here
includes the FSRQs that are marked with hollow circles and red star symbols.

In Figure 10, the Cramér Test is also used to check whether
the distributions of the two samples are similar. There are 81
observations of CBs and 249 observations of CFs. The
observed statistic of 6.51 is obtained, which is larger than the
95% critical value of 2.37, and the estimated p-value is almost
0. The distribution of the CBs is different from that of the CFs.

For the subclasses, we noted that some BL Lacs are
classified as FSRQs by the 1D method, which are marked with
the red star symbols in Figure 10, and show a similar
correlation tendency as the FSRQs. At the same time, some
FSRQs are classified as BL Lacs by the 1D method, which are
marked with the blue spherical symbols in Figure 10, and also
show a similar correlation tendency as the BL Lacs. In this
sense, we take the FSRQs and those BL Lacs (denoted by the
red star symbols in Figure 10) that are classified as FSRQs by
the 1D method as compound FSRQs, and denote them as
CFs®°; and we take the BL Lacs and those FSRQs (denoted by
the blue spherical symbols in Figure 10) that are classified as
BL Lacs by the 1D method as compound BL Lacs, and denote
them as CBs®. We then investigate the correlation, as in
Equation (28), for the two compound subclasses; the corresp-
onding correlation results are listed in Table 3. It is found that
the jet power is correlated with the sum of the black hole mass
and black hole spin for the two compound subclasses, and that
compound BL Lacs show a strong trend that is similar to the
that of the compound FSRQs. Based on the above correlation
for the compound BL Lacs, and the correlation between jet
power and disk luminosity for BL Lacs, we infer that both the
black hole mass and black hole spin have a great impact on the
jet power, as well as the disk luminosity, implying that it is not
only the accretion disk luminosity that contributes to BL Lacs.
From the results of this work, the jets of BL Lacs tend to be
dominated by the Blandford—Znajek process, in the contribu-
tions of both the black hole mass and black hole spin, similar to
those of the FSRQs in the literature (Chen 2018). However, we
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cannot exclude the Blandford—Payne process, since the jet
power is also correlated with the disk luminosity in BL Lacs, as
shown in Figures 8 and 9.

Furthermore, according to the dividing result of log
(LpLr/Lgdq), we found five changing-look blazars when we
checked our classifications using the dividing line with the
classifications in the Fermi FGL catalogs. We noted that some
of the BL Lacs classified into FSRQs (CB-CFs) followed the
sequence of FSRQs, and that some of the FSRQs classified into
BL Lacs (CF-CBs) followed the sequence of BL Lacs. We
propose that these ambiguous blazars (CB-CFs and CF-CBs)
from the 1D method are candidates for changing-look blazars.
We list these candidates for changing-look blazars in Table 4,
and it is an issue worthy of follow-up research.

4.3.3. Correlations with Jet Power

For the correlation between jet power and disk luminosity,
Figure 8 shows that the black hole mass (in color) makes little
difference to it, while Figure 9 shows that the black hole spin
(in color) has a trend that follows this correlation. Since the
black hole mass and the black hole spin may make
contributions to the jet power in the Blandford—Znajek model,
as supported by Figure 10, we cannot ignore them and should
discuss their influences. In addition, Liu et al. (2006) found an
important intrinsic correlation between jet power and black
hole mass, even when the relativistic beaming effect was
eliminated from the radio and optical emissions, indicating that
the jet formation is closely related to the black hole mass. The
weaker correlation between jet power and black hole mass
shows the OLS fit for the whole sample:

log Pje; = (36.81 4= 0.32) + (1.11 £ 0.04)log M, (29)

with a correlation coefficient rp = 0.20 and pp < 0.0002 from a
Pearson regression, rs = 0.26 and pg < 10~* from a Spearman
regression, and rx=0.18 and px < 10™* from a Kendall
regression, where all the p-values are smaller than 0.0002. The
stronger correlation between jet power and black hole spin
shows the OLS fit for the whole sample:

log P = (47.21 £ 0.05) + (233 £ 0.12)logj,  (30)

with a correlation coefficient rp =0.59 and pp < 10~ from a
Pearson regression, rs = 0.56 and ps < 10~* from a Spearman
regression, and rg =0.41 and pg < 107* from a Kendall
regression, where all the p-values are smaller than 10?7, These
results are shown in Figures 11 and 12, with the color bar
indicating the accretion disk luminosity, and there are some
discrepancies between the CFs and the CBs in both Figures 11
and 12.

The Cramér Test of the distributions of log M and log Pje in
the two samples is applied. The CBs have 89 values and the
CFs have 266 values. The results indicate that the observed
statistic is 8.26, the 95% confidence level critical value is 1.22,
and the estimated p-value is 0. Therefore, the CBs are not
distributed as are the CFs. For the distributions of log j and log
Pje, in these two samples, there are 81 observed values for the
CBs and 249 values for the CFs. The derived statistic is 10.24,
which is higher than the critical value of 1.02 for the 95%
confidence level, and the estimated p-value is nearly 0. The
hypothesis that the CBs are distributed as are CFs is rejected.

Figure 11 shows a poor correlation between the jet power
and the black hole mass with large dispersion, in the case of
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Table 4
Changing-look Blazars and Candidates

Name OName z Class log Lgir log Lggq
1 (@) (©)) “ ® ©
4FGL J1616.7+4107 B31615+412 0.267 CB-CF 43.60 45.80
4FGL J0428.6-3756 PKS 0426-380 1.111 CB-CF 44.04 46.71
4FGL J0430.3-2507 PMN 0430-2507 0.516 CB-CF 42.81 44.62
4FGL J0538.8-4405 PKS 0537-441 0.892 CB-CF 45.05 46.44
4FGL J0747.2+4529 B3 07454453 0.192 CB-CF 44.34 46.65
4FGL J0811.440146 PKS 0808+019 1.148 CB-CF 43.62 46.61
4FGL J0854.8+2006 0J 287 0.306 CB-CF 43.85 46.90
4FGL J1001.1+2911 GB6 J1001+2911 0.558 CB-CF 43.15 45.59
4FGL J1751.5+0938 4C+09.57 0.322 CB-CF 43.70 46.53
4FGL J1800.6+7828 S5 1803+78 0.680 CB-CF 44.56 46.03
4FGL J2032.0+1219 PKS 2029+121 1.215 CB-CF 43.81 45.70
4FGL J2315.6-5018 PKS 2312-505 0.808 CB-CF 43.63 45.79
4FGL J0334.2-4008 PKS 0332-403 1.357 CB-CF 43.83 46.71
4FGL J0629.3-1959 PKS 0627-199 1.724 CB-CF 44.05 46.61
4FGL J0644.6+6039 NVSS J064435+603849 0.832 CB-CF 45.11 47.44
4FGL J0856.84-2056 TXS 0853+211 2.098 CB-CF 46.12 47.98
4FGL J1132.740034 PKS B1130+008 1.633 CB-CF 44.64 46.91
4FGL J1440.0-1530 PKS 1437-153 2.642 CB-CF 45.20 46.60
4FGL J2152.5+1737 S3 2150+17 0.874 CB-CF 44.15 46.91
4FGL J2206.8-0032 PMN J2206-0031 1.053 CB-CF 43.80 46.61
4FGL J2247.4-0001 PKS 2244-002 0.949 CB-CF 44.10 46.91
4FGL J2353.7-3037 PKS 2351-309 0.737 CB-CF 43.63 46.64
4FGL J0749.7+7450 RX J0749.4+7451 1.629 CB-CF 45.07 46.18
4FGL J1022.4-4231 PMN J1022-4232 1.280 CB-CF 45.19 47.14
4FGL J2243.7-1231 RBS 1888 0.630 CB-CF 45.28 46.43
4FGL J1509.7+5556 SBS 15084561 0.978 CB-CF 44.77 47.51
4FGL J1811.340340 NVSS J181118+034113 1.420 CB-CF 44.02 45.90
4FGL J0434.1-2014 TXS 0431-203 0.928 CB-CF/CB 43.15 46.11
4FGL J1015.0+4926 1H 1013+498 0.212 CB-CF/CB 43.30 46.41
4FGL J0203.7+3042 B2 0200430 0.955 CB-CF-CL 43.41 46.13
4FGL J0407.5+0741 TXS 04044075 1.133 CB-CF-CL 44.51 46.76
4FGL J1058.4+0133 PKS 1055+01 0.888 CB-CF-CL 44.52 46.48
4FGL J0433.1+3227 NVSS J043307+322840 2.011 CB-CF-CL 45.61 47.30
4FGL J0114.8+1326 GB6 J0114+1325 0.685 CB-CF-CL 44.55 46.57
4FGL J0516.7-6207 PKS 0516-621 1.300 CB-CF 44.41 46.34
4FGL J0325.5-5635 IRXS J032521.8-563543 0.862 CB-CF 44.61 46.79
4FGL J0438.9-4521 PKS 0437-454 2.017 CB-CF 44.24 46.61
4FGL J1224.9+4334 B3 12224438 2.001 CB-CF 45.15 46.94
4FGL J1754.5-6425 PMN J1754-6423 1.255 CB-CF 44.16 46.64
4FGL J1125.942005 4C+20.25 0.133 CF-CB 41.82 45.27
4FGL J0833.9+4223 0J 451 0.249 CF-CB 43.07 47.79
4FGL J1512.2+0202 PKS 1509+022 0.219 CF-CB 43.02 46.95
4FGL J1924.8-2914 PKS B1921-293 0.353 CF-CB 43.92 47.12
4FGL J1037.4-2933 PKS 1034-293 0.312 CF-CB 43.50 46.77
4FGL J1048.0-1912 PKS 1045-18 0.595 CF-CB 43.39 46.60
4FGL J1615.6+4712 B3 16144473 0.199 CF-CB 42.59 46.28

Note. Column (1): the name from 4FGL-DR2. Column (2): the other name. Column (3): redshift (z). Column (4): the classifications resulting from the classifications
in Section 3.2; “CB-CF” denotes the BL Lacs that are classified as FSRQs by both the 1D and 2D methods; “CF-CB” denotes the FSRQs that are classified as BL Lacs
by both the 1D and 2D methods; “CB-CF/CB” denotes the BL Lacs that are classified as FSRQs by the 1D method, but classified as BL Lacs by the 2D method; and
“CB-CF-CL” denotes the changing-look blazars that are responsible for the “CB-CF” cases. Column (5): logarithm of the BLR luminosity (log Lg; r), in units of erg

s~!. Column (6): logarithm of the Eddington luminosity (log Lgaq), in units of erg s~ '.

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

CBs, and a moderate correlation in the case of CFs, with small
dispersion. The theoretical work gives PjetO(Bzszz, SO one
could expect the jet power to be positively correlated with
black hole mass; but the correlation of the CBs shown in
Figure 11 is not consistent with the theoretical prediction, so
we speculate that the inconsistency is caused by the black hole
mass determination methods used for BL Lacs. There are 89
BL Lacs in the study of the correlation between the jet power
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and the black hole mass: the black hole masses of 22 BL Lacs
were estimated from velocity dispersion using an empirical
formula of M — o, the mass of one BL Lac was estimated
from its magnitude M — M;, and the others were estimated
from continuum or broadline emissions. It is reasonable to
think that the black hole masses for these 23 BL Lacs have
been overestimated, since the overestimation on the M — o
empirical formula may reach two orders of magnitudes
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Figure 11. Scatter diagram between the jet power SED and the black hole
mass. The color bar from blue to red shows the disk luminosity from low to
high, the stars represent the BL Lac population (CBs), and the circles represent
the FSRQ population (CFs).
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Figure 12. Scatter diagram between the jet power SED and the black hole spin.
The color bar from blue to red shows the disk luminosity from low to high, the
stars represent the BL Lac population (CBs), and the circles represent the
FSRQ population (CFs).

(see Magorrian et al. 1998; Ferrarese & Merritt 2000), and the
magnitudes from the continuum emissions may be contami-
nated by the jet (Oshlack et al. 2002). A possible solution is to
reduce the overestimated black hole masses, but we do not
know what fraction of black hole masses has been over-
estimated. Since the overestimation may reach two orders of
magnitude, we will reduce the masses for those BL Lacs
estimated using the empirical relationships of M — ¢ and
M — M; by one order of magnitude, and revisit the correlation
between jet power and black hole mass. Using this approach,
we found that the correlation became a tighter one, with higher
confidence levels (p-values <10 > from a Pearson regression
and a Spearman regression, and a p-value ~0.001 for a Kendall
regression). Therefore, the poor correlation between jet power
and black hole mass for BL Lacs may be due to the different
estimation methods used for the black hole masses.

Figure 12 shows a moderate correlation between jet power
and black hole spin in the case of the CFs, and a strong
correlation in the case of the CBs. Since the black hole spin for
our sample is estimated using the beam power, black hole
mass, and disk luminosity (a proxy for bolometric luminosity),
from Equations (14)—(15), and since we can see that the
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correlation between jet power and black hole mass is not
strong, and even weak for the CBs, we speculate that the strong
correlation between jet power and black hole spin is mainly
contributed by the disk luminosity (depending on the accretion
luminosity). The correlation between jet power and black hole
mass is moderate for the CFs, so we speculate that the moderate
correlation between jet power and black hole spin is mainly
contributed by the black hole mass (depending on the black
hole mass), otherwise the correlation will be strong for CFs that
are dominated by an accretion process. All the coefficients of
the correlations of the CFs and CBs are listed in Table 3, and
we compare the coefficients from a Pearson regression, a
Spearman regression, and a Kendall regression.

5. Conclusions

In this paper, a large sample of 449 Fermi blazars with
available BLR luminosities and black hole masses are
compiled; their beam powers and black hole spins are estimated
using the available beam radio emission detected by GMRT;
and a dividing line between FSRQs and BL Lacs is revisited,
through the ratio of the BLR luminosity to the Eddington
luminosity, which aims to separate the BCUs in our sample.
The relationship between black hole mass and ~-ray luminosity
is discussed, with a consideration of the beaming effects of the
relativistic jets. We reconsider the formation mechanism of the
jets of AGNs by studying the correlations among jet power and
disk luminosity, black hole mass, and black hole spin. Our
conclusions are as follows.

1. In this work, the dividing line for classifying blazars into
BL Lacs and FSRQs, obtained by the Bayesian analysis
method, is of the order of log (Lpyr/Lgga) ~—3.14, which is
consistent with the result in G11, and we found five changing-
look blazars. In addition, the BL Lacs divided as FSRQs (or the
FSRQs divided as BL Lacs) by log (Lprr/Lgaa) are likely to be
candidates for changing-look blazars.

2. A close correlation between black hole mass and intrinsic
~-ray luminosity is found, while only a weaker correlation is
found between black hole mass and observed ~-ray luminosity.
We think that the reason for this is due to the beaming effects
of the jets.

3. The launching of relativistic jets is probably dominated by
the Blandford—Znajek process, for both those FSRQs and BL
Lacs with available broadline emissions.

4. The BL Lacs are mainly dominated by jets, while the
FSRQs are mainly dominated by accretion processes. However,
the jet power SED is weakly related to the black hole mass for
BL Lacs with significant broad emissions, and their black hole
spin turns out to be dominated by the accretion luminosity. The
jet power SED is moderately related to the black hole mass for
FSRQs, and their black hole spin turns out to be dominated by
the mass.
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