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1. Introduction

Relativistic jets launched by supermassive black holes (SMBHs), so-called as active galactic
nuclei (AGNs), are known as the most energetic particle accelerators in the universe. Because of
their gigantic power, those jets would affect the fate of galaxies, and also galaxy clusters [12].
However, the launching mechanism of a collimated relativistic jet from a black hole system is a
long standing problem in astrophysics.

Theoretically, the Blandford-Znajek (BZ) mechanism [4] is believed as the plausible expla-
nation for the jet launch. In the BZ mechanism, the jet power is extracted by the rotation of BHs
with the support of the magnetic fields threading the central BH. Although observational evidence
for the jet production mechanisms in AGNs are not clear yet, for example, [53] argued that spin
parameter would determine the AGN radio loudness distribution.

It is also possible to investigate the jet production mechanisms from observations by probing
the relation between disk inflow and jet outflow. Recent systematic spectral analysis for luminous
blazars by [15] shows the jet power is slightly larger than the power of accreting plasma, although
the results depend on the assumptions on the pair fraction and the minimum energy of electrons
[21, 40]. On the contrary to blazars, in radio quasars, the efficiency of jet energy extraction from
rest energy of accreted masses, i.e. the jet production efficiency, is not well understood yet.

Here, after the discovery of quasars, their radio emission is found to be associated with a
presence of luminous optical emission lines. A correlation between radio jet luminosities and disk
emission line luminosities in radio galaxies is later found [2, 46, 44, 43, 67, 63, 6, 28, 52]. The
correlation of radio jet luminosities and various optical emissions has been studied in more detail as
the mass of the nuclear BH became available [64]. The BH mass provide fundamental information
for the jet study such as the Eddington luminosity and its ratio.

Using the BH mass information, BH systems have been found to have a fundamental plane
among mass, disk luminosity, and jet power [58, 36, 31]. [36] established the fundamental plane
in stellar mass and supermassive BHs using BH mass, jet core radio luminosity, and disk X-ray
luminosity. With ∼ 150 BH system samples, they found that the radio core luminosity is correlated
with both the mass and the X-ray luminosity of the disk. However, AGN disk luminosity is known
to be dominated not in X-ray but in optical [11]. Moreover, as recent studies suggest that the
fundamental plane exist only for low accretion rate BH systems [35, 41], a fundamental plane for
objects accreting at high rates is not well established.

The Sloan Digital Sky Survey (SDSS) [65] has facilitated studies of AGNs in optical with wide
and deep field surveys [49]. SDSS has detected 166583 quasars in optical covering about a quarter
of the sky [39]. For the radio data, using Very Large Array (VLA), the NRAO VLA Sky Survey
(NVSS) has observed the entire sky north of −40 deg declination at 1.4 GHz down to ∼ 2.5 mJy [8].
NVSS has detected ≳1.8 million sources. In this paper, we study the relation among the jet power
(Pjet), the bolometric disk luminosity (Ldisk), and the black hole mass (MBH) using quasar samples
detected both in SDSS and NVSS which will allow us to investigate the disk–jet connection in the
largest ever radio quasar sample.
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2. Sample

The NVSS was carried out utilizing the VLA radio interferometric telescopes at a frequency
of 1.4 GHz [8]. The NVSS was conducted with the array D configuration which provides a spatial
resolution of 45 arcsec. Although this resolution is not as good as that of the Faint Images of the
Radio Sky at Twenty-cm (FIRST) [3] having ∼ 5 arcsec, the NVSS resolution secures to measure
fluxes of extended sources more accurately [30].

The NVSS covers the entire sky north of −40 deg declination (∼ 33,000 deg2) and contains
over 1.8 million sources down to a limiting flux density of ∼ 2.5 mJy. The survey gives astromet-
ric accuracy ranges from 1 arcsec for bright sources to ∼7 arcsec for faint sources. We extract
integrated flux densities from the NVSS catalog to evaluate the whole extended radio flux.

The SDSS is an optical imaging and spectroscopic survey [65] using a 2.5 m wide-filed tele-
scope at the Apache Point Observatory [18]. The photometric survey contains five wavelength
bands [14]. The survey covers about a quarter of the sky. A subset of photometric sources are
chosen for spectroscopic observation according to the spectral target selection algorithms of SDSS.
The survey catalog now contains 166583 quasars [39]. Here, [49] provided detailed spectral prop-
erties of the SDSS data release (DR) 7 quasar catalog [47] which contains 105783 quasars brighter
than Mi = −22.0. In this paper, we utilize the SDSS DR7 quasar catalog provided by [49] as we
are interested in the spectral properties of quasars.

We match the NVSS radio sources and the DR7 quasar catalog with a matching radius of
30 arcsec and select the closest sources between the catalogs. As we are targeting SDSS detected
quasars, the dominant radio quasar population is expected to be Fanaroff-Riley Class II (FR-II)
[13] whose radio brightest component, so-called hot spot, locates within several hundreds kpc away
from the nucleus [37] which corresponds to ∼ 30 arcsec at z ∼1–3. After the catalog matching, the
resulting number of objects detected both in radio and optical is 8436.

We are interested in the relation between the jet and the accretion disk, i.e. radio-loud ob-
jects. Radio emission from radio-quiet quasars (R < 10) is expected to be associated with shocks
produced by quasar driven outflows rather than jets [66]. To select radio-loud quasars, we select
sources having R ≥ 10 for the main sample which includes 7017 quasars.

3. Relation between Jet Outflow and Accretion Disk Inflow

The jet power is known to be correlated with the radio luminosity [63, 38]. The empirical
relation gives the time-averaged jet power from the extended radio luminosity as [63]

Pjet = 9.5×1046
(

f
10

)3/2( L151 MHz

1028 W Hz−1 sr−1

)6/7

[erg s−1], (3.1)

where f is a parameter accounting for systematic error in the model assumptions. [63] constrained
as 1≤ f ≲ 20 by using X-ray cavity measurements. In this paper, we set f = 10 following the recent
X-ray cavity and hot spot studies [5, 17]. We note the power given in 3.1 is the time-averaged value.

Since our samples are quasars, Ldisk can be related to the mass accretion rate Ṁin onto the
SMBH as Ldisk = εṀinc2, where ε is the accretion disk radiative efficiency and c is the speed of
light. Fig. 1 shows the correlation between the bolometric disk luminosity Ldisk and the jet power
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Figure 1: Bolometric disk luminosity vs. jet power of our SDSS–NVSS sample, where the top and right
panels show the bolometric disk luminosity and jet power histograms. The solid line gives a linear fit to
the data with a scatter of 0.74. The dashed line shows the case with the jet production efficiency ηjet = 1
assuming the disk efficiency ε = 0.1.

Pjet in the logarithmic space. The top and bottom panel shows the histogram of log(Ldisk) and
log(Pjet), respectively. The linear regression line, shown by the solid line, is given as

logPjet = (0.96±0.012) logLdisk +(0.79±0.55), (3.2)

where errors show 1σ uncertainties, with a scatter of 0.54. We perform a partial correlation analysis
to test the correlation between the logLdisk and logPjet excluding the redshift dependence. The
Spearman rank correlation gives ρLP,z = 0.40 with the p-value of < 10−10. Therefore, there is a
positive correlation between disk luminosity and jet power in radio quasars.

The jet production efficiency is defined as

ηjet ≡
Pjet

Ṁinc2 =
Pjet

Ldisk/ε
. (3.3)

The dashed line in Fig. 1 represents Pjet = Ldisk/ε = Ṁinc2 with ε = 0.1 corresponding to ηjet = 1.
The distribution of the jet production efficiency of our radio quasar samples are shown in Fig. 2. We
show the cases of ε = 0.1 and 0.3, although the efficiency can be from 0.057 for a Schwarzschild
BH to 0.42 for an extreme Kerr BH [25]. Here, < logηjet >= −1.97± 0.54 corresponding to
ηjet ≃ 1.1+2.6

−0.76×10−2 for ε = 0.1. Only 2 quasars have ηjet ≥ 1. This low jet production efficiency
is consistent with the study by [59] in which they used a correlation between optical and radio
luminosities of 763 FR-II quasars utilizing the SDSS-FIRST catalog. This low efficiency is not
significantly enhanced even if we set ε = 0.3 (2).
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Figure 2: Distribution of the jet production efficiencies of our radio quasar samples. We assume the radiative
efficiency of the disk ε to be 0.1 (blue) and 0.3 (red).

4. Fundamental Planes in Supermassive Black Holes

The correlations between MBH and Ldisk or Pjet are examined. For the correlation between
MBH and Ldisk, the Spearman rank correlation also gives ρML,P = 0.37 with the p-value of < 10−10.
On the contrary, for the correlation between MBH and Pjet, the Spearman rank correlation gives
ρMP,L =−0.028 with the p-value of 0.019. Thus, once we exclude the dependence on Ldisk, there is
no correlation between MBH and Pjet in radio-loud luminous quasars. Therefore, the disk luminosity
correlates with both the BH mass and the jet power, while the jet power correlates with the disk
luminosity, i.e. absolute mass accretion rate, but not with the BH mass. This result is consistent
with semi-analytical studies of SMBH growth [35].

5. Discussions

5.1 Comparison with Blazar Studies

The relation between disk and jet has been also investigated using blazar spectral fitting studies
[7, 15, 21]. Different from our radio quasar studies, blazar studies enable us to compare accretion
with jet outflow at the same epoch. Multi-wavelength observations from radio to gamma-ray allow
us to study overall SED and physical parameters of jets via spectral fitting. A spectrum of a blazar
is composed of two emission components: the low-energy component is synchrotron radiation
and the other one is inverse Compton component targeting synchrotron radiation [23, 33] and/or
external radiation field [9, 51].

Generally, blazar spectral fitting studies predict large jet production efficiencies ηjet ∼0.1–10
[7, 15, 21], while our results show ηjet ≃ 1.1+2.6

−0.76 ×10−2. Such a difference has also been recently
reported by [40] using published blazar samples. Here, the jet power estimates based on blazar
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spectral fittings strongly rely on the assumptions on the pair fraction and the electron minimum
Lorentz factor γe,min [21, 40]. More pairs per one proton and/or higher γe,min would reduce the
jet power estimation based on blazar spectral fit. Although γmin is known to be ∼ mp/me for the
terminal shocks of quasar jets [54], the minimum Lorentz factor of electrons in blazar jet is not
well constrained. Recent NuSTAR observations revealed that electron spectrum extends down to
electron energies of at least γe ∼ 102 − 103 for nearby BL Lacs [24, 32]. If γmin is determined by
the mass ratio of a proton and an electron (i.e. γmin = mp/me), the jet power can be an order of
one to two lower than the case in which γmin is determined by the energy ratio between protons and
electrons [21], which would lead a consistent result with our radio quasar studies.

5.2 Implication on to the Jet Production

Recent general relativistic magnetohydrodynamic (GRMHD) numerical studies showed that
powerful relativistic jets are launched in the MAD which can confine magnetic flux on BHs by
its ram pressure [57, 34]. Extracted jet power by the rotation of BHs threaded by magnetic fields,
so-called the BZ power, is given by [4, 55, 56, 57]

PBZ = 4.0×10−3 1
c

Ω2
HΦ2

BH f (ΩH)≃ 10
(

ϕBH

50

)2

x2
a f (xa)Ṁinc2, (5.1)

where ΩH = ac/2rH is the angular frequency of the BH horizon, ΦBH is the net magnetic field flux
accumulated in the central region, xa ≡ rgΩH/c, and f (xa)≈ 1+1.38x2

a−9.2x4
a. a≡ JBH/JBH,max =

cJBH/GM2
BH is the dimensionless BH spin parameter, rH = rg(1+

√
1−a2) is the horizon radius,

rg = GMBH/c2 is the gravitational radius of the BH. ϕBH = ΦBH/
√

Ṁinr2
gc is the dimensionless

magnetic flux threading the BH and is typically on the order of 50 based on GRMHD simulations
[34]. This gives ηjet,BZ ≡ PBZ/Ṁinc2 ≃ 10(ϕBH/50)2x2

a f (xa).
Fig. 3 gives the distribution of the dimennsionless spin parameter a assuming ε = 0.1 and

ϕBH = 50. For ϕBH = 50, < loga >=−0.88±0.26 corresponding to a ≃ 0.13+0.11
−0.059. However, this

spin parameter value is smaller than what is expected from the cosmological merger SMBH evolu-
tion models [60, 61, 62]. Fig. 3 also shows the spin parameter distribution but assuming ϕBH = 20.
In this case, we have < loga >= −0.50 ± 0.24. Therefore, the results on the spin parameter
strongly depend on the assumption on the magnetic flux threading the BH which is expected to be
the dominant factor for the generation of jets considering the radio loundness distribution [50].

Observationally, various attempts have been recently considered to measure the magnetic field
near active SMBHs. VLBI observations toward M 87, whose accretion rate is significantly sub-
Eddingtion [10], revealed B∼ 10 G at the jet base ∼ 10Rs from the central BH using the synchrotron
self-absorption (SSA) frequency [26, 19]. Recent linear polarimetric adaptive optics observation
of an AGN torus yields a dusty torus magnetic filed strength in the range of 4–82 mG assuming
a clumpy torus model [29]. Maser observations also constrains the magnetic fields at ∼ 0.2 pc
from the central BH to be ≲ 1 G [16]. Although the B-field in the inner region (near the corona
scale) has not been well investigated yet, detection of coronal synchrotron emission would provide
an information on magnetic field [20, 42]. Very recently, [22] reported detection of coronal syn-
chrotron emission from nearby seyferts which infer the magnetic field strength of ∼ 10 G in the
corona scale.
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Figure 3: Distribution of the dimensionless spin parameters of our radio quasar samples. The dimensionless
magnetic flux ϕBH is set to be 50 (blue) and 20 (red). We assume the radiative efficiency of the disk ε to be
0.1.

6. Conclusions

In this paper, we studied the disk-jet connection in active SMBHs utilizing 7017 SDSS-NVSS
detected radio-loud quasars up to z = 4.9. We converted the 1.4 GHz radio luminosity to the
jet power using an empirical relation [63] which is calibrated by the X-ray cavity measurements
[63, 17]. Bolometric accretion disk luminosity is estimated by the SED templates in [45]. Central
BH mass is also provided by [49] using a single-epoch spectrum.

We found that the quasar jet powers correlate with the bolometric disk luminosities. We have
logPjet =(0.96±0.012) logLdisk+(0.79±0.55) with a scatter of 0.54. The jet power rarely exceeds
the accretion luminosity. By assuming the accretion disk efficiency of ε = 0.1, we further found
that the jet production efficiency is ηjet ≃ 1.1+2.6

−0.76×10−2. These results do not significantly change
even if we adopt various different selection criteria or the higher disk efficiency of ε = 0.3. ηjet

gradually increases with the limiting radio loudness, although it will be still at an order of 0.1 even
for Rlim ≳ 103.

We further tested the existence of the fundamental plane among MBH, Ldisk, and Pjet for quasars
at 0.01≲ λ . We could not find a statistically significant correlation between MBH and Pjet excluding
the dependence on Ldisk. This implies that the plane would not exist for radio-loud quasars in the
standard accretion regime. This is consistent with recent studies which revealed that the plane
exists only for low accretion AGNs [35, 41].

Following the BZ scenario [4], the jet power is related to the BH spin and the magnetic flux
threading the BH. Taking the value of the dimensionless magnetic flux value from numerical sim-
ulations by [34] ϕBH = 50, we estimated the distribution of the dimensionless spin parameters a.
However, the resulting a is ≃ 0.13+0.11

−0.059 which is much smaller than what is expected from the
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cosmological merger SMBH evolution [62]. Therefore, the magnetic flux strength threading the
SMBHs might be weaker than it is expected from numerical simulations following the spin evolu-
tionary models. Magnetic field measurements in the vicinity of the central BHs would help us to
understand the detailed BZ processes. The resulting low jet efficiency can be also due to depen-
dence of the efficiency on geometrical thickness of the accretion flow [1], since our quasar samples
accreting at 0.01 ≲ λdisk ≲ 0.3 is expected to be have small geometrical thickness.
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