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Abstract

The composition and energy dissipation in jets are two of the fundamental questions of jet physics that are not fully
understood. In this paper, we attempt to constrain the composition, magnetization, and radiative efficiency for
blazars with the recently released low-frequency radio catalog of the TIFR GMRT Sky Survey at 150MHz.The jet
power estimated from the low-frequency radio emission is much lower than that derived from spectral energy
distribution fitting assuming one proton per electron. Assuming the jet power estimated from low-frequency radio
emission is physical, the fraction of electron/positron pairs can be constrained with npairs/np∼10. By comparing
the power carried by the magnetic field and radiation with the jet power estimated from the low-frequency radio
emission, we find both the relatively high magnetization parameter of σ∼0.5 and the radiative efficiency of
η∼0.4 in the dissipation region of blazars. These results suggest that magnetic reconnection processes may play
an important role in the energy dissipation of blazars. We also explore the connection between these three
parameters (npairs/np, σ, and η) and the black hole mass, disk luminosity, and Eddington ratio. No significant
correlation is found, except that σ shows a possible correlation with disk luminosity.
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1. Introduction

Supermassive black holes coupled with accretion disks are
currently widely accepted as central engines of active galactic
nuclei (AGNs). A small fraction of AGNs are radio loud, which
are believed to host relativistic jets(Padovani 2017; Padovani
et al. 2017). Until now, the jet formation and acceleration
mechanisms were still fundamental open questions of jet
physics(Sikora et al. 2007; McNamara et al. 2011; Sikora &
Begelman 2013; Cao 2016b). The Blandford–Znajek (BZ)
mechanism (Blandford & Znajek 1977) and the Blandford–
Payne (BP) mechanism (Blandford & Payne 1982) are two
popular mechanisms for extracting the energy of relativistic jets
from central engines. For the BZ mechanism, jet energy
extraction is purely electromagnetic and directly coupled with
the spin of the black hole, which is supported by several
observations in X-ray binaries (XRBs; e.g., Narayan &
McClintock 2012, but also see Russell et al. 2013). For the
BP mechanism, jet energy is extracted from the accretion disk
through a large-scale magnetic field anchored in accretion flow.
Observationally, it is normally found that the radio emission
appears in the low–hard state of XRBs, while it will become
weak or disappear in the high–soft state(Corbel et al. 2001;
Fender et al. 2004), which suggests that the accretion mode
also plays a role in jet formation(Tchekhovskoy et al. 2010;
Sikora et al. 2013; Yuan & Narayan 2014; Cao 2016a). In
AGNs, the jet production efficiency, defined by the ratio
between jet power and accretion power, is also found to be
related to the black hole spin(Sikora et al. 2007) and/or the
geometrical thickness of the accretion disk(Avara et al. 2016;
Rusinek et al. 2017).

The energy in the jet is mainly carried by three components:
magnetic field, radiation, and kinetic energy of matter. In

principle, energy is dominated by Poynting flux at the base of
the jet(Kino et al. 2015). Then, magnetic energy converts into
kinetic energy along the jet. Meanwhile, the jet is acceler-
ated(Lyubarsky 2010; Komissarov 2011). At a certain
distance, the radiative particles are accelerated, and most
observed radiation (especially high-energy emission) is related
to this region. This region is also named the dissipation region.
There are some arguments that jet production efficiency can
exceed unity under the magnetic arrested disk (MAD; e.g.,
Tchekhovskoy et al. 2011; Ghisellini et al. 2014). The
estimation of jet production efficiency is strongly dependent
on the estimation of jet power. However, the deviation between
the jet power estimated by different methods is large to one
order of magnitude(Pjanka et al. 2017; Chen 2018). Even for
the nearest FR II radio galaxy, Cygnus A, the accurate value of
its jet power is under debate (see, e.g., Godfrey &
Shabala 2013; Kawakatu et al. 2016 and references therein).
The kinetic power, or the terminal jet velocity, is strongly

dependent on the composition of the jet(Meier et al. 2001).
But the jet content is difficult to constrain. Only the distribution
of emitting particles can be constrained from observations, i.e.,
the nonthermal relativistic electrons(Dunn et al. 2006). But the
number density of the thermal electrons and existence of
protons cannot be constrained from observations directly.
There are several indirect methods to constrain the jet content
for lobes of radio galaxies (e.g., Dunn et al. 2006; Kino
et al. 2012; Kawakatu et al. 2016) and the dissipation regions of
blazars in the literature (Wardle et al. 1998; Ghisellini &
Tavecchio 2010; Kang et al. 2014; Zhang et al. 2014). Most of
these methods are based on the constraint on the distribution of
emitting electrons (especially the minimum energy of electrons
γmin) and an independent method to estimate the kinetic jet
power. Under the assumption of energy equipartition or not, the
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power carried by other components (mainly protons) can be
generally constrained through the comparison between the
electron power and total kinetic power. Currently, most
results of blazars show that the matter was dominated by the
electron/positron pairs on the number density, while
the kinetic jet power was still dominated by protons
(Ghisellini 2012; Kang et al. 2014; Kawakatu et al. 2016;
Pjanka et al. 2017).However, the observational and
theoretical analyses of radio galaxies showed that the jet
power of FR II lobes could be dominated by leptons, while
FR I lobes needed substantial protons to satisfy the pressure
balance between the internal lobe and external environment
(Godfrey & Shabala 2013; Croston et al. 2018; also see
Ghisellini et al. 2010 for similar discussions on blazars). In
addition, there are some suggestions that the jet content is
distinct for different jet powers(Dunn et al. 2006) or
accretion modes(Potter & Cotter 2013). But it still lacks
direct comparisons between jet content and central engines
in the literature.

The magnetization parameter σ is usually used to describe
the level of the magnetic field dominance in the jet with
σ=PB/Pm (where PB is the power carried by the magnetic
field, and Pm is the kinetic power of the material in the jet).
Here σ is important on the acceleration mechanisms of the
nonthermal electrons (internal shock or magnetic reconnection;
Sironi & Spitkovsky 2014; Sironi et al. 2015). Moreover, there
are several models to explain the short-term variability or hard
γ-ray spectrum (e.g., mini-jet and current-driven instability;
Giannios et al. 2009; Nalewajko & Begelman 2012; Guo
et al. 2014), which require the jet is strongly magnetized. The
estimation of σ in blazars is usually based on spectral energy
distribution (SED) fitting. Ghisellini et al. (2010) and Zhang
et al. (2013) calculated the power carried by each component
(namely, radiation, magnetic field, nonthermal electrons, and
protons whose number density is assumed to be equal to
electrons) in the jet based on the results of SED fitting. Zhang
et al. (2013) found that the σ of flat-spectrum radio quasars
(FSRQs) was close to unity, while the fraction of jet power
carried by the magnetic field was much smaller for luminous
blazars (mainly FSRQs) in Ghisellini et al. (2010, their
Figure 5). The deviation may be mainly due to the different
minimum energies of emitting electrons applied in these two
works(Zhang et al. 2013). Based on the SED fitting, it was
also found that σ was different for different subclasses of
blazars, i.e., FSRQs and BL Lac objects (BL Lacs). But some
authors showed that σ was larger for FSRQs than for BL
Lacs(Zhang et al. 2013; Chen 2018), while other results were
opposite(Ghisellini et al. 2010). Therefore, estimation of σ
independent of the distribution of emitting electrons is needed.

The radiative efficiency η describes the fraction of the jet
power dissipated into radiation with η=Prad/Pj (where Prad is
the power carried by the radiation, and Pj=Pm+Prad+PB

is the total power in the jet). The radiative efficiency of some
γ-ray bursts (GRBs) is found to be as high as 90%(Zhang et al.
2007), which is much larger than the prediction of the standard
shock model (Zhang & Yan 2011 and references therein).
These high efficiencies suggest that the energy dissipation by
magnetic reconnection in the jet may be important(Zhang &
Yan 2011). The radiative efficiency of the blazar was also
found to be larger than 10%(Nemmen et al. 2012; Zhang
et al. 2013), which is also difficult to produce under the internal
shock model(Zhang & Yan 2011).

In this paper, we constrain the jet content, magnetization
parameter, and radiative efficiency with the jet power
estimations independent of the distribution of emitting
electrons. We also compare the trends of all three parameters
with black hole mass, disk luminosity, and Eddington ratio. In
Section 2, we present the method and data used in our work.
Section 3 shows the results of the distribution and correlation
analyses. We discuss the implications of our results in
Section 4. In Section 5, we summarize the main results. In
this paper, we use a ΛCDM cosmology with H0=
70 km s−1 Mpc−1, ΩM=0.3, and ΩΛ=0.7, consistent with
Ghisellini et al. (2014) and Ghisellini & Tavecchio (2015).

2. Method and Data

Using the multiwavelength SED fitting of the blazar, one can
derive the distribution of emitting electrons and the magnetic
field strength in the dissipation region. With the assumption of
one proton per emitting electron in the jet, the power carried by
radiation, relativistic electrons, magnetic field, and protons can
be estimated for the blazar zone (see Celotti & Ghisellini 2008
and Ghisellini et al. 2014 for more details). The total jet power
is the sum of these components with Pfit=PB+Pp+Pe,
where PB, Pp, and Pe are the power carried by the magnetic
field, proton, and electron, respectively.
Direct measurements of the kinetic energy in the jet are

derived from the observations of the large-scale structures of
radio galaxies(Dunn et al. 2006; Bir̂zan et al. 2008; Daly
et al. 2012; Kino et al. 2012). Based on the direct
measurements of jet power, some empirical relations between
kinetic power and extended radio emission are built
(Willott et al. 1999; Punsly 2005; Merloni & Heinz 2007;
Cavagnolo et al. 2010; Wu et al. 2011; Godfrey &
Shabala 2013; Ineson et al. 2017).Although there are some
arguments that the Pkin–L151 relation has a dependence on the
cluster environment(Hardcastle & Krause 2013), the age of the
radio lobes(Hardcastle 2018), or the composition of the
jet(Godfrey & Shabala 2013), some theoretical and observa-
tional attempts found that there was a uniform relation for all
active radio lobes(Godfrey & Shabala 2013; Hardcastle 2018).
Assuming that the jet power estimated from low-frequency

radio emission is correct, and the energy losses between the
dissipation region and the large-scale (extended) jets only take
place via blazar radiation (ignore the radiation losses of large-
scale jets), the discrepancy between the estimated jet power
from SED fitting and low-frequency radio emission means that
the assumption of one proton per electron overestimates the jet
power from SED fitting(Kang et al. 2014; Sikora 2016; Pjanka
et al. 2017).Thus, the ratio between electron/positron pairs
and protons can be constrained with(Sikora 2016)
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The magnetization parameter σ is estimated with PB from SED
fitting and the jet power from low-frequency radio emission
with σ=PB/(Pkin−PB). The radiative efficiency η of the
blazar can be calculated with Prad/(Pkin+Prad).
Recently, several new low-frequency radio surveys released

their source catalogs, such as the TIFR GMRT Sky Survey
(TGSS) with Giant Metrewave Radio Telescope (GMRT;
Intema et al. 2017), GaLactic and Extragalactic All-sky MWA
(GLEAM) survey with Murchison Widefield Array (MWA;
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Hurley-Walker et al. 2017), and LOFAR Two-metre Sky
Survey (LoTSS) with International Low-Frequency Array
(LOFAR; Shimwell et al. 2017). These recently released
catalogs from low-frequency radio surveys give us good
opportunities to explore the jet power for a large sample of
blazars.

Ghisellini et al. (2014) fitted the SEDs of 217 blazars based
on the one-zone leptonic model and calculated the power
carried by each component (Prad, PB, Pp, and Pe). They also
listed three groups of black hole mass that were based on the
virialized estimation of three emission lines (Hβ, Mg II, and
C IV), respectively. In our work, the black hole mass
estimations based on the Hβ measurements are favored, as
Hβ is the best-calibrated line with the reverberation-mapping
method. The data based on C IV are the least favored, as the
calibration of C IV is less reliable(Shen et al. 2011). The disk
luminosity estimated by line luminosity in Ghisellini et al.
(2014) is used. The Eddington ratio is calculated with
Ldisk/LEdd, where LEdd is the Eddington luminosity. We
cross-match the TGSS ADR1 catalog(Intema et al. 2017) with
the sample of Ghisellini et al. (2014) within a distance of 3″.
This results in a sample of 133 objects.We estimate their jet
power with the 150MHz radio flux from TGSS ADR1 and the
Pkin–L151 relation in Godfrey & Shabala (2013),

P
L

3 10
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25 1 1
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3. Results

The jet power estimated from SED fitting versus that from
low-frequency radio emission is plotted in Figure 1. It shows
that Pfit>Pkin for all 133 blazars, which means that the
assumption of one proton per electron indeed overestimates the
jet power in the emission zone of the blazar. Among these 133
objects, there are 79 objects that we can calculate the fraction of
electron/positron pairs with Equation (1). The unreasonable
results for the remaining objects can be due to the uncertainties
of jet power estimation, either from the SED fitting or the
Pkin–L151 relation or the energy losses from pc to kpc scale

during the growth of extended structures (we will discuss this
in detail in Section 4). In the following analyses, we just
consider the 79 objects with composition estimations. Detailed
information on these 79 objects is listed in Table 1.
The distributions of npairs/np, σ, and η for our sample are

shown in Figure 2 (also see Table 1). The mean value of
npairs/np is 9.79, with majority concentrates in the range 1–100
(left panel of Figure 2). In the middle panel, σ spans the range
0.03–7.86, with a mean value of 0.49. The mean value of the
radiative efficiency η is 0.42, with a range 0.05–0.94 (right
panel of Figure 2).
We further explore the evolution of jet content, magnetiza-

tion parameter, and radiative efficiency along with the black
hole mass, disk luminosity, and Eddington ratio. Before
correlation analysis, we first compare the distributions of black
hole mass, disk luminosity, and Eddington ratio between our
sample and the sample of Ghisellini et al. (2014). The
Kolmogorov–Smirnov (K-S) tests show no evidence for
distinct distributions between our sample and Ghisellini
et al.’s (with probabilities larger than 0.22), which suggests
that our results can reflect the general trends for the parent
sample in Ghisellini et al. (2014).
The Spearman rank correlation test is used to explore the

correlations. It is taken as a correlation when the significance is
larger than 95% (P<0.05). We also perform a bootstrapping
technique to evaluate the reliability of the correlation results.
We randomly draw (1− 1/e) objects from our sample and
derive the correlation results for the subsample; this process is
performed 10,000 times. We record the percentages that could
be considered as correlations(Peterson et al. 1998).
The top panels of Figure 3 show the scatters of npairs/np and

central engines. The results of the correlation test are
summarized in Table 2. No correlation is shown between
npairs/np and black hole mass, disk luminosity, or Eddington
ratio. Table 2 also lists the percentages from the bootstrapping
technique. The results of bootstrapping confirm that no
correlation exists between composition and central engine.
It seems that σ has a weak correlation with disk luminosity

(middle panels of Figure 3; Table 2). The results of
bootstrapping find that 24% of the subsamples can derive
correlations between these two parameters. No correlation is
found for σ versus black hole mass and σ versus Eddington
ratio. The radiative efficiency also shows no correlation with
black hole mass, disk luminosity, and Eddington ratio (bottom
panels of Figure 3; Table 2).

4. Discussions

Godfrey & Shabala (2013) defined a normalization factor g
to reflect the uncertain physics in lobes, such as the
composition, magnetic field strength, electron spectrum, jet
speed, and electron Lorentz factor. The value of g can vary
from 1 to 8 for different situations (their Figure 1). As
suggested by Godfrey & Shabala (2013) from some observa-
tional concerns, g=2 is used in our Equation (2). Willott et al.
(1999) also defined the f factor to consider the similar
uncertainties in the Pkin–L151 relation. They argued that
1�f�20. For our analysis here, another uncertainty comes
from the energy losses that could be used to form the large-
scale structure after the power leaving the dissipation region of
the blazar. This can lead to an underestimation of Pkin in the
blazar region of about a factor of a few(Hardcastle &
Krause 2013). Considering these uncertainties for different

Figure 1. Jet power estimation from low-frequency radio emission and SED
fitting. The solid line shows the equation line. The jet power estimated from
SED fitting is larger than that from low-frequency radio emission for all 133
objects.
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conditions, we try several other relations in the literature for our
analyses. First, we add another factor of 2 in Equation (2) to
account for the underestimation due to energy losses from
structure expanding. The number of sources whose pair
fraction can be calculated increases to 110.4 The mean values
of npairs/np, σ, and η are 5.16, 0.33, and 0.33, respectively.
Interestingly, we note that the correlation between σ and disk
luminosity gets more significant, with P=1.50×10−4. Then,

we consider the relation P f 3 10 L
kin

3 2 45
10 W Hz sr

6 7
151

28 1 1= ´ - -( )
in Willott et al. (1999) with f=5(Hardcastle 2018) and

f=10, and P 5 10 L
kin

46
10 W Hz sr

0.89
151

28 1 1= ´ - -( ) in Ineson et al.

(2017). The mean values of npairs/np, σ, and η range from 6.71
to 12.59, 0.39 to 0.59, and 0.35 to 0.47, respectively. The
results are well consistent with those from Equation (2).

Figure 1 shows that the jet power estimated from the low-
frequency radio emission is lower than that from SED fitting
assuming one proton per electron.Assuming the jet power

estimated from the low-frequency radio emission is correctly
reflecting the real jet power, we constrain the jet composition
by comparing the jet power derived by these two methods. The
results manifest that the jet of the blazar contains an important
fraction of electron/positron pairs, with npairs/np∼10 (left
panel in Figure 2). Our results are consistent with previous
works, where they pointed out that the electron/positron pairs
were important to the number density in the blazar jet(Kang
et al. 2014; Sikora 2016; Pjanka et al. 2017).The ratio of 10
pairs per proton is also consistent with the upper limit for
pairs to avoid the Compton rocket effect(Ghisellini &
Tavecchio 2010; Ghisellini 2012). In addition, no evidence is
found for the evolution of the pairs along the black hole mass,
disk luminosity, or Eddington ratio (Figure 3; Table 2).
We find that the contents of jets are independent of

Eddington ratio, although most objects in our sample are
FSRQs accreted under a radiative efficient state. Croston et al.
(2018) also obtained a similar conclusion for FR II galaxies.
Fan et al. (2016) found that the intrinsic jet power Pkin/Γ

2

(where Γ is the bulk Lorentz factor of the jet) for FSRQs and
BL Lacs had similar distributions, which also supported the
idea that the material energy of jets was independent of
accretion mode.
Using the jet power estimated from low-frequency radio

emission and the magnetic power estimated from the SED
fitting, we find σ∼0.5 in the dissipation region of blazars
(middle panel in Figure 2). In a strongly magnetized shock
(σ  10−3), the particle acceleration would be suppressed
(Sironi et al. 2015; but also see Baring et al. 2017). Meanwhile,
the acceleration through the magnetic reconnection would be
efficient(Sironi & Spitkovsky 2014). Our results indicate that
the magnetic reconnection may be the main source to accelerate
nonthermal particles in blazars(Sikora 2016). Janiak et al.
(2015) computed the theoretical SEDs of blazars and concluded
that σ=1 to satisfy the observed Compton dominance for
FSRQs (also see Nalewajko et al. 2014). Their results were
based on np/ne=1. Once electron/positron pairs exist in jets,
the jet production efficiency reduces. Therefore, the high
Compton dominance can be produced even for σ1
(Sikora 2016).
The magnetization parameter σ shows a possible correlation,

although it is very weak with disk luminosity (Figure 3;
Table 2). If this is intrinsic, it would suggest that the dissipation
region in the brighter disk is closer to the central engine,
because σ decreases with distance from the central object with
σ∝r−α (although the detailed value of α is under debate; e.g.,
Granot et al. 2011; Kirk & Mochol 2011; Takata
et al. 2017).This can be caused by the increasing cooling
with the higher disk radiation due to the external Compton
process.

Figure 2. From left to right are the distributions of npairs/np, σ, and η.

Figure 3. Correlation between energy dissipations of the jet and central
engines. Left: black hole mass. Middle: disk luminosity. Right: Eddington
ratio. The top row is the correlation between npairs/np and central engines. The
middle row is the correlation between σ and central engines. The bottom row is
the correlation between η and central engines.

4 The uncertainty of the jet power for a small part of the 133 objects may
come from the SED fitting, e.g., the electron spectrum(Chen 2014), or the duty
cycle of blazar activity (Liodakis et al. 2017).
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Table 1
The Source Information

Name R.A. Decl. z MBH Ldisk Ldisk/LEdd F150 L150 Pkin PB Pe PP Pfit Prad npairs/np σ η

(Me) (erg s−1) (mJy) (erg s−1 Hz−1 sr−1) (erg s−1) (erg s−1) (erg s−1) (erg s−1) (erg s−1) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18)

0004-4736 0.07655 −47.60567 0.880 7.85 45.11 −0.85 664.90 33.30 45.35 44.93 43.98 45.79 45.85 44.64 0.27 −0.21 −0.79

0023+4456 0.39320 44.94397 2.023 7.78 45.28 −0.61 211.80 33.70 45.62 45.16 44.88 46.75 46.77 45.85 1.15 −0.27 −0.20

0042+2320 0.70125 23.33396 1.426 9.01 45.62 −1.50 342.80 33.54 45.51 45.01 44.96 47.20 47.21 45.74 1.79 −0.33 −0.20

Notes.Column 1 is the source name. Columns 2 and 3 give the coordinates of each object. The redshift is given in column 4. Columns 5–7 are the black hole mass, disk luminosity, and Eddington ratio taken from
Ghisellini et al. (2014). Columns 8 and 9 are the 150 MHz radio flux and radio luminosity derived from the TGSS. Column 10 is the jet power estimated by Equation (2). Columns 11–13 are the jet power carried by the
magnetic field, electrons, and protons, respectively, which are derived from Ghisellini et al. (2014). Column 14 is the total jet power derived from SED fitting. Column 15 is the jet power carried by radiation. Column 16
is the fraction of electron/positron pairs. Column 17 is the magnetization parameter. Column 18 is the radiative efficiency. All values, except redshift and 150 MHz radio flux, are in logarithmic space.

(This table is available in its entirety in machine-readable form.)
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The radiative efficiency η∼0.4 for blazars, which is much
larger than the prediction of the internal shock model (generally
less than 15%). For the magnetic reconnection process, η can
be as high as 90%(Zhang & Yan 2011). The high efficiency
also suggests that magnetic reconnection is important to power
the radiation of blazars, which is consistent with the strong
magnetization in the jet.

It also needs to note other possibilities for the discrepancy of
the jet power estimations between different methods. These
include that the jet power estimated by the low-frequency radio
emission is underestimated due to the intermittent activity of
the jet(Sikora 2016) or the remnant sources in the sample
(Hardcastle 2018). If this is a fact, npairs/np, σ, and η should be
overestimated. But for our sample, the Eddington ratio is still
high (>0.01). And most sources are FSRQs, which are unified
with long-lived FR IIs hosting enhanced large-scale radio
structures(Urry & Padovani 1995). No signature is shown for
the transition of the accretion modes or dying extended
structures.

5. Summary

The composition, magnetization, and radiative efficiency are
important to constrain the mechanisms of jet formation, particle
acceleration, and energy dissipation of the blazar. In this work,
we explore these issues with the recently released TGSS ADR1
catalog at 150MHz. Our results manifest the following. (1) The
matter is dominated by leptons on the number density in the
blazar zone, with a ratio between electron/positron pairs and
protons of about 10. (2) The magnetization parameter of the
blazar is close to unity. The radiative efficiency is about 40%,
which is much larger than the prediction of the shock model.
Both the strong magnetization and the high efficiency suggest
that the magnetic reconnection process may be important to
power the radiation of blazars. (3) No significant correlation is
found between the composition, magnetization parameter, and
radiative efficiency and the black hole mass, disk luminosity,
and Eddington ratio, except that the magnetization parameter
shows a possible correlation with disk luminosity.
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