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ABSTRACT

We study the disk-jet connection in supermassive black holes by investigating the properties of their

optical and radio emissions utilizing the SDSS-DR7 and the NVSS catalogs. Our sample contains

7017 radio-loud quasars with detection both at 1.4 GHz and SDSS optical spectrum. Using this radio-

loud quasar sample, we investigate the correlation among the jet power (Pjet), the bolometric disk

luminosity (Ldisk), and the black hole mass (MBH) in the standard accretion disk regime. We find that

the jet powers correlate with the bolometric disk luminosities as logPjet = (0.96 ± 0.012) logLdisk +

(0.79± 0.55). This suggests that the jet production efficiency of ηjet ' 1.1+2.6
−0.76 × 10−2 assuming the

disk radiative efficiency of 0.1 implying low black hole spin parameters and/or low magnetic flux for

radio-loud quasars. But it can be also due to dependence of the efficiency on geometrical thickness

of the accretion flow which is expected to be small for quasars accreting at the disk Eddington ratios

0.01 . λ . 0.3. This low jet production efficiency does not significantly increase even if we set the

disk radiative efficiency of 0.3. We also investigate the fundamental plane in our samples among Pjet,

Ldisk, and MBH. We could not find a statistically significant fundamental plane for radio-loud quasars

in the standard accretion regime.

Keywords: accretion, accretion disks - black hole physics - galaxies: active - galaxies: jets - quasars:

supermassive black holes

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

(e.g. Fabian 2012). 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

(Blandford & Znajek 1977) is believed as the plausible

explanation 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. Recent numerical simulations confirm this process

as a plausible and efficient jet power extraction mecha-

nism (e.g. Komissarov et al. 2007; Tchekhovskoy et al.

2010, 2011; McKinney et al. 2012; Takahashi et al. 2016).

Observational evidence for the jet production mech-

anisms in AGNs are not clear yet. A possible and im-

portant key to understand the jet launching mechanism

is to measure spins of the nuclear BHs which is a key

parameter for the jet. For example, Sikora et al. (2007)

argued that spin parameter would determine the AGN

radio loudness distribution. Although various spin mea-

surement methods have been proposed in literature (e.g.

Moriyama & Mineshige 2015, and references therein),

spin determination of active SMBHs is currently uncer-

tain (e.g. Mart́ınez-Sansigre & Rawlings 2011; Brenne-

man et al. 2011; King et al. 2013; Liu et al. 2015).
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It is also possible to investigate the jet production

mechanisms from observations by probing the relation

between disk inflow and jet outflow, because a part of

infall materials to the central BH are ejected as the jet

outflow and those accreting material also accumulate

the magnetic field in the vicinity of the SMBHs. For ex-

ample, recent systematic spectral analysis for luminous

blazars by Ghisellini et al. (2014) shows the jet power

is slightly larger than the power of accreting plasma, al-

though the results depend on the assumptions on the

pair fraction and the minimum energy of elections (e.g.

Inoue & Tanaka 2016; Pjanka et al. 2016). On the con-

trary 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 emis-

sion is found to be associated with a presence of lumi-

nous optical emission lines (Baade & Minkowski 1954;

Osterbrock 1977; Grandi & Osterbrock 1978). A corre-

lation between radio jet luminosities and disk emission

line luminosities in radio galaxies is later found (e.g.

Baum & Heckman 1989; Saunders et al. 1989; Rawlings

et al. 1989; Rawlings & Saunders 1991; Zirbel & Baum

1995; Willott et al. 1999; Buttiglione et al. 2010; Kozie l-

Wierzbowska & Stasińska 2011; Sikora et al. 2013). 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 (e.g. Woo & Urry

2002). 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 (e.g. Terashima & Wilson

2003; Merloni et al. 2003; Maccarone et al. 2003). Mer-

loni et al. (2003) 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 (e.g., Elvis et al. 1994). X-ray emission is repro-

cessed optical emission via Comptonization processes in

hot accretion disk coronae (e.g., Katz 1976; Pozdniakov

et al. 1977; Sunyaev & Titarchuk 1980). Moreover, as

recent studies suggest that the fundamental plane exist

only for low accretion rate BH systems (see e.g. Merloni

& Heinz 2008; Plotkin et al. 2012), a fundamental plane

for objects accreting at high rates is not well established.

The Sloan Digital Sky Survey (SDSS; York et al. 2000)

has facilitated studies of AGNs in optical with wide

and deep field surveys (e.g. Shen et al. 2011). SDSS

has detected 166583 quasars in optical covering about

a quarter of the sky (Pâris et al. 2014). 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

(Condon et al. 1998). 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.

This paper is organized as follows. In Section 2, we

introduce the sample used in our analysis. In Section 3,

the relation between accretion inflows and jet outflows

is presented. SMBH fundamental planes are discussed

in Section 4. Discussion and conclusion is given in Sec-

tion 5 and Section 6, respectively. Throughout this pa-

per, we adopt the standard cosmological parameters of

(h,ΩM ,ΩΛ) = (0.7, 0.3, 0.7).

2. SAMPLE

The NVSS was carried out utilizing the VLA radio in-

terferometric telescopes at a frequency of 1.4 GHz (Con-

don et al. 1998). The NVSS was conducted with the

array D configuration which provides a spatial resolu-

tion of 45 arcsec (corresponding to the physical size of

∼ 76 kpc at z = 1). Although this resolution is not as

good as that of the Faint Images of the Radio Sky at

Twenty-cm (FIRST; Becker et al. 1995) having ∼ 5 arc-

sec (corresponding to the size of ∼ 8.5 kpc at z = 1), the

NVSS resolution secures to measure fluxes of extended

sources more accurately (Lu et al. 2007).

The NVSS covers the entire sky north of −40 deg dec-

lination (∼ 33, 000 deg2) and contains over 1.8 million

sources down to a limiting flux density of ∼ 2.5 mJy.
The survey gives astrometric accuracy ranges from 1 arc-

sec 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 sur-

vey (e.g., York et al. 2000) using a 2.5 m wide-filed tele-

scope at the Apache Point Observatory (Gunn et al.

2006). The photometric survey contains five wavelength

bands (ugriz; Fukugita et al. 1996). The survey covers

about a quarter of the sky. A subset of photometric

sources are chosen for spectroscopic observation accord-

ing to the spectral target selection algorithms of SDSS.

The survey catalog now contains 166583 quasars (Pâris

et al. 2014). Here, Shen et al. (2011) provided detailed

spectral properties of the SDSS data release (DR) 7

quasar catalog (Schneider et al. 2010) which contains

105783 quasars brighter than Mi = −22.0. In this pa-

per, we utilize the SDSS DR7 quasar catalog provided
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by Shen et al. (2011) as we are interested in the spectral

properties of quasars.

From the SDSS-DR7 quasar catalog, we extract red-

shifts, rest-frame 2500 Å fluxes, bolometric luminosities,

disk Eddington ratios, and virial BH mass estimates.

2500 Å fluxes at the rest frame were determined from

the power-law continuum fit to the spectrum. Bolomet-

ric luminosities were computed from continuum lumi-

nosities at 5100 Å (z < 0.7), 3000 Å (0.7 ≤ z < 1.9),

and 1350 Å (z ≥ 1.9) using the bolometric luminosity

correction factors of 9.26, 5.15, and 3.81 from the spec-

tral energy distribution (SED) templates in Richards

et al. (2006). Although various studies report different

correction factors (see e.g. Elvis et al. 1994; Richards

et al. 2006; Nemmen & Brotherton 2010; Runnoe et al.

2012; Krawczyk et al. 2013), those studies are consistent

with in a factor of ∼ 2. We note that this bolometric

luminosity includes emission from dust (infrared), ac-

cretion disk (optical), and corona (X-ray). In this pa-

per, we approximate this bolometric luminosity equals

to the bolometric disk luminosity, since SDSS quasars

have L
disk,2500Å

& 1044 erg s−1 where bolometric lumi-

nosities are dominated by accretion disks.

BH masses were estimated from single-epoch spectra

(virial mass) in the SDSS quasar survey (Shen et al.

2011)1. Using the continuum luminosity and full width

at half-maximum (FWHM), the virial mass estimate is

given by

log

(
MBH

M�

)
= a+b log

(
λLλ

1044 erg s−1

)
+2 log

(
FWHM

km s−1

)
,

(1)

where a and b are the empirical coefficients cali-

brated with local AGNs using the reverberation map-

ping method (e.g. Blandford & McKee 1982; Peterson

1993; Kaspi et al. 2000). Shen et al. (2011) use the

line of Hβ for z < 0.7, MgII for 0.7 ≤ z < 1.9,

and CIV for z ≥ 1.9. The coefficients are as follows:

(a, b) = (0.910, 0.50), (0.740, 0.62), and (0.660, 0.53) for

Hβ (Vestergaard & Peterson 2006), MgII (McLure &

Dunlop 2004; Shen et al. 2011), and CIV (Vestergaard

& Peterson 2006), respectively.

Shen et al. (2011) matched the DR7 quasar cata-

log with the FIRST catalog with a matching radius of

30 arcsec. In this paper, we match the NVSS radio

sources and the DR7 quasar catalog with a matching

radius of 30 arcsec and select the closest sources be-

1 Spatially resolved kinematics observations are limited to only
nearby sources. Various indirect mass measurement methods have
been developed such as the reverberation mapping (e.g. Blandford
& McKee 1982; Peterson 1993; Kaspi et al. 2000) and the corre-
lation between the optical luminosity and the broad-line-region
size (e.g. Kaspi et al. 2000; McLure & Dunlop 2001; Vestergaard
2002).
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Figure 1. Accretion disk Eddington ratio λ vs. radio loud-
ness R of our SDSS–NVSS quasar sample. R = 10 is shown
by the dashed line.

tween the catalogs. As we are targeting SDSS detected

quasars, the dominant radio quasar population is ex-

pected to be Fanaroff-Riley Class II (FR-II; Fanaroff &

Riley 1974) whose radio brightest component, so-called

hot spot, locates within several hundreds kpc away from

the nucleus (e.g., Mullin et al. 2008) which corresponds

to ∼ 30 arcsec at z ∼1–3.

Best et al. (2005) matched the SDSS DR2 galaxy cat-

alog and the NVSS catalog out to 3 arcmin. They found

that positional offsets between SDSS galaxies and their

nearest NVSS source is significant out to 100 arcsec, al-

though they concluded that true associations is expected

to be smaller than 15 arcsec. We consider the case for a

matching radius of 15 arcsec later at subsection 5.3. Our

results do not change even if adopting different matching

radiuses.

After the catalog matching, the resulting number of

objects detected both in radio and optical is 8436. To

examine a luminosity correlation in radio galaxies, we

derive the rest-frame radio and optical luminosities as

follows. The rest luminosity at a frequency ν0 in the

unit of erg s−1 Hz−1 is obtained as

Lν(ν0) = 4πdL(z)2(1 + z)α−1Fν(ν0), (2)

where dL(z) is the luminosity distance at a redshift z,

α is the spectral index, and Fν is the observed flux.

For the radio spectral index (i.e., Fν ∝ ν−α in the unit

of mJy), we assume α = 0.8 (Kimball & Ivezić 2008;

Sikora et al. 2013). The SDSS DR7 catalog provides the

rest-frame flux Fλ,rest in the unit of [erg cm−2 s−1 Å−1].

Figure 1 shows the distribution of SDSS-NVSS quasars

in the space of the accretion disk Eddington ratio λ ≡
Ldisk/LEdd and the radio loudness R ≡ L5 GHz/LB−band

(e.g. Sikora et al. 2007). For the optical spectral index,

we assume α = 0.5 (Richards et al. 2006).
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Figure 2. Redshift distribution of the radio-loud SDSS-
NVSS quasar sample. 7017 objects are contained.

We are interested in the relation between the jet and

the accretion disk, i.e. radio-loud objects. Radio emis-

sion from radio-quiet quasars (R < 10) is expected to be

associated with shocks produced by quasar driven out-

flows rather than jets (e.g. Zakamska & Greene 2014).

To select radio-loud quasars, we select sources having

R ≥ 10 for the main sample which includes 7017 quasars.

The redshift distribution of our radio-loud quasar sam-

ple is shown in Figure 2. Redshifts of our sample range

from 0.077 to 4.922. Majority of the samples (∼87%)

are at z ≤ 2.5.

Figure 3 shows the 2500 Å and 1.4 GHz luminosity

relation of our SDSS–NVSS radio-loud quasar samples.

We need to examine the reliability of the correlation

between the optical and radio luminosities. In the flux-

limited samples, luminosities of samples can be strongly

correlated with redshifts due to the detection limits.

This might result in a spurious correlation. To avoid

this, we perform a partial correlation analysis (see e.g.

Padovani 1992; Ghirlanda et al. 2011; Inoue 2011) to test

the correlation between the logarithmic optical and ra-

dio luminosities excluding the redshift dependence. The

Spearman rank correlation gives ρor,z = 0.39 with the

p-value of < 10−10 (i.e. the probability of the null hy-

pothesis). Therefore, there is a weak positive correla-

tion between optical and radio luminosities in our ra-

dio quasar samples. The correlation analysis results in

this paper are summarized in Table 1. The tests are

performed using the astronomy survival analysis code

ASURV (Lavalley et al. 1992) implemented in the STS-

DAS package in iraf.

3. RELATION BETWEEN JET OUTFLOW AND

ACCRETION DISK INFLOW
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Figure 3. Optical luminosity at 2500 Å vs. radio luminosity
at 1.4 GHz of our radio-loud SDSS–NVSS quasar sample
(R ≥ 10).

The jet power is known to be correlated with the ra-

dio luminosity (e.g. Willott et al. 1999; O’Sullivan et al.

2011). The empirical relation gives the time-averaged

jet power from the extended radio luminosity as (Willott

et al. 1999)

Pjet = 9.5×1046

(
f

10

)3/2(
L151 MHz

1028 W Hz−1 sr−1

)6/7

[erg s−1],

(3)

where f is a parameter accounting for systematic error

in the model assumptions. The following parameters

are absorbed in the parameter f : the factor accounting

for energy loss via the adiabatic expansion, the factor

accounting for the bulk and turbulent kinetic energy

of the lobe, the energy fraction of radiating particles,

the angle between the magnetic field direction and the
line-of-sight, the low frequency cutoff in the synchrotron

spectrum, the volume filling factor, and deviations from

the minimum-energy condition. Willott et al. (1999)

constrained as 1 ≤ f . 20 by using X-ray cavity mea-

surements. In this paper, we set f = 10 following the

recent X-ray cavity and hot spot studies (Blundell &

Rawlings 2000; Godfrey & Shabala 2013). We note the

power given in Equation 3 is the time-averaged value.

As we use the NVSS detected samples with angular

resolution of 45 arcsec, there are unresolved sources in

our catalog. Shabala & Godfrey (2013) have recently

investigated the effect of source size in the jet power

estimation of Equation 3. They found the dependence

on the source size is the power of 0.58± 0.17. Thus, the

effect of the source size is expected to be small in the

jet power estimation, although it might affect the power

estimates for ultra-compact or largely extended sources.

Since our samples are quasars, Ldisk can be related to
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Table 1. Results of Correlation Analysis

x y z Objects Samples ρxy,z
a p-value

logL
2500 Å

logL1.4 GHz z SDSS-NVSS quasarsb 7017 0.39 < 10−10

logLdisk logPjet z SDSS-NVSS quasarsb 7017 0.40 < 10−10

logLdisk logPjet logMBH SDSS-NVSS quasarsb 7017 0.63 < 10−10

logMBH logLdisk logPjet SDSS-NVSS quasarsb 7017 0.37 < 10−10

logMBH logPjet logLdisk SDSS-NVSS quasarsb 7017 -0.028 0.019

log λ log r - SDSS-NVSS quasarsc 8436 -0.11 < 10−10

log λ log r logLdisk SDSS-NVSS quasarsc 8436 -0.022 0.065

logLdisk logPjet z SDSS-NVSS-WENSS quasarsb 2077 0.31 < 10−10

logLdisk logPjet z uniform SDSS-NVSS quasarsb 3545 0.37 < 10−10

logLdisk logPjet z SDSS-NVSS quasarsd 6081 0.39 < 10−10

logLdisk logPjet z SDSS-NVSS quasarse 3083 0.63 < 10−10

aSpearman’s rank correlation coefficient.
bRadio-loud objects only, R ≥ 10.
cAll the SDSS-NVSS quasars are included.
dThe matching radius is set to be 15 arcsec.
eR ≥ 100.

the mass accretion rate Ṁin onto the SMBH as

Ldisk = εṀinc
2, (4)

where ε is the accretion disk radiative efficiency and c

is the speed of light. Figure 4 shows the correlation

between the bolometric disk luminosity Ldisk and the jet

power 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), (5)

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 exclud-

ing the redshift dependence (Table 1). The Spearman

rank correlation gives ρLP,z = 0.40 with the p-value of

< 10−10. Therefore, there is a positive correlation be-

tween disk luminosity and jet power in radio quasars.

We note that, in this paper, we do not include radio

non-detected data in the analysis. The effect of such

censored data is discussed in Appendix A.

The jet production efficiency is defined as

ηjet ≡
Pjet

Ṁinc2
=

Pjet

Ldisk/ε
. (6)

The dashed line in Figure 4 represents Pjet = Ldisk/ε =

Ṁinc
2 with ε = 0.1 corresponding to ηjet = 1. The dis-

tribution of the jet production efficiency of our radio

quasar samples are shown in Figure 5. 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 (e.g. Kato et al. 1998). Here, < log ηjet >=

−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

van Velzen & Falcke (2013) in which they used a cor-

relation 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 (Figure 5).

Connection between the spin value and radiative effi-

ciency is theoretically established for standard accretion

disk. It comes from energetics of particles on marginally

stable orbits and gives efficiency of radiation produc-

tion. At large spins, a fraction of radiation is captured

by the central BH itself. In this case, the observed ef-

ficiency would become lower. Furthermore, innermost

portions of the disk is dominated by magnetic fields in

the magnetically arrested disk (MAD; Narayan et al.

2003) framework which is the current leading scenario

for the powerful jet launching mechanism (see subsec-

tion 5.6 for details). Although their radiative efficiency

is expected to be different from that for standard disks,

the exact value of the efficiency is still under debate (see

e.g., Punsly 2014, 2015; Punsly et al. 2016; Avara et al.

2016). Considering these uncertainties, we fix ε = 0.1 in

this paper.
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Figure 4. 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 (see Equation 5) 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.

Figure 5. 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

Low-accretion rate BH systems (λ . 0.03) have been

believed to have a fundamental plane among mass, disk

luminosity, and jet power (e.g. Terashima & Wilson

2003; Merloni et al. 2003; Maccarone et al. 2003; Plotkin

et al. 2012), while the existence of a fundamental plane

for objects accreting at high rates is not well established.

Merloni et al. (2003) established a fundamental plane

in stellar mass and supermassive black hole systems us-

ing mass, radio luminosity, and X-ray luminosity. With

∼ 150 samples, they found that the radio luminosity

is correlated with both the BH mass and the X-ray lu-

minosity. However, the SMBH disk luminosity is domi-

nated in optical bands rather than in X-rays (Elvis et al.

1994). And, they used the radio luminosity of the core

component only rather than the extended component

which includes the whole energy budget of the jet. In

this section, we examine the fundamental plane in the

SMBH systems with our 7017 radio-loud quasar samples

having λ & 0.01.

We examine the mass dependence of the correlation

between Ldisk and Pjet (Figure 4). The Spearman rank

correlation gives ρLP,M = 0.63 with the p-value of <

10−10. Therefore, the positive correlation between disk

luminosity and jet power still exist, even if we consider

the dependence on the BH mass.
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Figure 6. Distribution of the radio spectral index
αNVSS−WENSS between 1.4 GHz (NVSS) and 325 MHz
(WENSS) of our SDSS-NVSS-WENSS detected quasar sam-
ple.

The correlations between MBH and Ldisk or Pjet are

also 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 Spear-

man rank correlation gives ρMP,L = −0.028 with the

p-value of 0.019. Thus, once we exclude the depen-

dence 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 (Merloni & Heinz

2008).

The multivariate regression analysis can give the fol-

lowing forms of fitting equations

logLdisk = (23.8± 0.23) + (0.43± 5.5× 10−3) logPjet

+(0.33± 9.4× 10−3) logMBH, (7)

logPjet = (7.4± 0.54) + (0.84± 1.3× 10−2) logLdisk

+(−0.057± 1.5× 10−2) logMBH. (8)

The scatter of each function is 0.37 and 0.59 for Equa-

tion 7 and Equation 8, respectively. Here, we note that

the correlation between Pjet and MBH is not statistically

established as discussed above. And, the slope coeffi-

cient of logMBH term is small as −0.057 implying very

weak dependence.

5. DISCUSSIONS

5.1. Effect of Spectral Index

In this paper, we have assumed that the radio spectral

index is uniformly α = 0.8. However, individual sources
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log10(Pjet) = 0. 83log10(Ldisk) + 6. 96

Figure 7. Same as Figure 4, but for the SDSS–NVSS–
WENSS detected quasar sub-sample.

would have different spectral indices, which might affect

the results (e.g., Yuan et al. 2016, for the radio lumi-

nosity function). In this section, we consider the effect

of spectral index distribution on estimating the disk–jet

correlation.

The unified radio object catalog (Kimball & Ivezić

2008; Kimball & Ivezic 2014) combined five radio cat-

alogs and the optical SDSS survey catalog. Thus, this

combined catalog provides the flux information of NVSS

sources at different frequencies. Since Equation 3 is cal-

ibrated at 151 MHz, we need a lower frequency flux den-

sity information for NVSS sources. The unified catalog

includes the catalog by the Westerbork Northern Sky

Survey (WENSS; Rengelink et al. 1997) at 325 MHz. It

covers the sky north of δ = 29◦ with a limiting flux of

∼ 18 mJy and a beam size of 54”× 54” csc(δ). The po-

sitional accuracy is . 1.5” for bright sources and . 5”
for faint sources.

The number of the SDSS-NVSS-WENSS detected

radio-loud quasar sample is 2077 applying the same

matching radius as our parent sample. We use the NVSS

source position for the radio source position. Spectral

index of individual object is estimated as

αNVSS−WENSS = − log(FNVSS/FWENSS)

log (1.4 GHz/0.325 GHz)
, (9)

where we use the integrated flux density for radio fluxes.

Figure 6 shows the distribution of the spectral index.

The distribution has < αNVSS−WENSS >= 0.57 ± 0.50,

while we assume α = 0.8 for the main sample.

Figure 7 shows the correlation between Ldisk and Pjet

of our SDSS-NVSS-WENSS detected quasar sub-sample

in the logarithmic space. The regression line, shown by

the solid line, is given as

logPjet = (0.83± 0.020) logLdisk + (7.0± 0.94), (10)
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Figure 8. Source offset distribution between the SDSS ob-
ject and the NVSS object.

with a scatter of 0.51. The Spearman rank correlation

gives ρLP,z = 0.31 with the p-value of < 10−10. There-

fore, there is still a positive correlation between disk

luminosity and jet power in radio quasars. Based on the

jet production efficiency arguments above, here we have

< log ηjet >= −1.86±0.53 assuming ε = 0.1. Therefore,

our results are not changed even if we take into account

individual source spectral index variation.

5.2. Different Sensitivity Limits

The primary SDSS DR7 quasar catalog does not pro-

vide a uniform catalog due to a variety of criteria for tar-

get selection (Shen et al. 2011). Therefore, Shen et al.

(2011) provided a catalog flag representing the unifor-

mity of the sample. “Uniform flag = 1“ gives a uniformly

selected quasar samples with a flux limit of i = 19.1 at

z < 2.9 and i = 20.2 at z > 2.9 based on the target se-

lection algorithm in Richards et al. (2002). Faint source

detection in the NVSS catalog may also suffers from such

a completeness problem. Here, the 5-σ detection sensi-

tivity limit of NVSS is 2.5 mJy (e.g. Condon et al. 1998;

Kimball & Ivezić 2008).

To check such sample selection bias effects, we restrict

our samples to the uniformly selected SDSS quasars with

5-σ detection at the NVSS band. The resulting number

of samples is 3545 radio-loud quasars. The relation be-

tween Pjet and Ldis is given as

logPjet = (1.1± 0.017) logLdisk + (−4.8± 0.78), (11)

with a scatter of 0.53. The Spearman rank correlation

gives ρLP,z = 0.37 with the p-value of < 10−10. And,

we have < log ηjet >= −2.03 ± 0.53. Therefore, our

results do not change even if we take into account the

uniformity of the sample.

5.3. Matching Radius
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log10(Pjet) = 1. 02log10(Ldisk) + − 1. 20

Figure 9. Same as Figure 4, but R ≥ 100.

In this paper, we match the NVSS radio sources and

the DR7 quasar catalog with a matching radius of 30 arc-

sec and select the closest sources between the catalogs.

However, unrelated objects may be matched in our cat-

alog. Figure 8 shows the distribution of the offset be-

tween the NVSS and SDSS positions. 84% of objects

have the offsets smaller than 15 arcsec. The fraction

becomes &90% for the offsets of ≤20 arcsec. Therefore,

the fraction of the mismatched objects would be minor

in our parent catalog (Best et al. 2005).

We restrict our samples to the SDSS–NVSS quasars

with the matching radius of 15 arcsec to consider the

selection effect by the matching radius. This sub-sample

contains 6081 radio-loud objects. The relation between

Pjet and Ldis with the matching radius of 15 arcsec is

given as

logPjet = (0.94± 0.013) logLdisk + (1.8± 0.60), (12)

with a scatter of 0.54. The Spearman rank correla-

tion gives ρLP,z = 0.39 with the p-value of < 10−10.

Therefore, the correlation between disk luminosity and

jet power still statistically exists. The jet production

efficiency is given as < log ηjet >= −1.93± 0.54.

5.4. Effect of Radio Loudness Cut

At 10 ≤ R . 100, radio-loud quasars are also called

as radio-intermediate quasars (Falcke et al. 1996). Most

of them are likely to be FR-I type radio quasars. Fig-

ure 9 shows the correlation between Ldisk and Pjet of the

SDSS-NVSS detected quasars but having R ≥ 100. The

dashed line represent Pjet = Ṁinc
2. 3083 quasars are

included. The regression line, shown by the solid line, is

given as

logPjet = (1.0± 0.013) logLdisk + (−1.2± 0.59), (13)
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Figure 10. Jet production efficiency ηjet as a function of the
limiting radio loudness Rlim. 1-σ statistical uncertainty of
the data is also shown.

with a scatter of 0.38. The Spearman rank correlation

gives ρLP,z = 0.63 with the p-value of < 10−10. There is

still a positive correlation between disk luminosity and

jet power in radio quasars. Based on the jet production

efficiency arguments above, here we have < log ηjet >=

−1.49±0.38. By selecting sources at R ≥ 100, a slightly

higher jet production efficiency is expected but still be

consistent with that at R ≥ 10 at the 1-σ level.

Figure 10 shows the estimated jet production effi-

ciency as a function of the limiting radio loudness. As

we select high jet power objects by setting high Rlim, the

jet production efficiency gradually increases with Rlim.

However, even at Rlim & 103, ηjet is still at an order of

0.1.

5.5. Comparison with Blazar Studies

The relation between disk and jet has been also inves-

tigated using blazar spectral fitting studies (e.g. Celotti

& Ghisellini 2008; Ghisellini et al. 2014; Inoue & Tanaka

2016). 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 spec-

trum of a blazar is composed of two emission compo-

nents: the low-energy component is synchrotron radia-

tion and the other one is inverse Compton component

targeting synchrotron radiation (e.g. Jones et al. 1974;

Maraschi et al. 1992) and/or external radiation field (e.g.

Dermer & Schlickeiser 1993; Sikora et al. 1994).

Generally, blazar spectral fitting studies predict large

jet production efficiencies ηjet ∼0.1–10 (e.g. Celotti &

Ghisellini 2008; Ghisellini et al. 2014; Inoue & Tanaka

2016), while our results show ηjet ' 1.1+2.6
−0.76 × 10−2.

Such a difference has also been recently reported by

Pjanka et al. (2016) using published blazar samples.

Here, the jet power estimates based on blazar spectral

fittings strongly rely on the assumptions on the pair frac-

tion and the electron minimum Lorentz factor γe,min (see

e.g. Inoue & Tanaka 2016; Pjanka et al. 2016). More

pairs per one proton and/or higher γe,min would reduce

the jet power estimation based on blazar spectral fit. Al-

though γmin is known to be ∼ mp/me for the terminal

shocks of quasar jets (Stawarz et al. 2007), the minimum

Lorentz factor of electrons in blazar jet is not well con-

strained. Recent NuSTAR observations revealed that

electron spectrum extends down to electron energies of

at least γe ∼ 102 − 103 for nearby BL Lacs (Kataoka

& Stawarz 2016; Madejski et al. 2016). If γmin is deter-

mined 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 (Inoue

& Tanaka 2016), which would lead a consistent result

with our radio quasar studies.

5.6. Implication on to the Jet Production

Recent general relativistic magnetohydrodynamic

(GRMHD) numerical studies showed that powerful rela-

tivistic jets are launched in the MAD which can confine

magnetic flux on BHs by its ram pressure (Tchekhovskoy

et al. 2011; McKinney et al. 2012). Extracted jet power

by the rotation of BHs threaded by magnetic fields, so-

called the BZ power, is given by (Blandford & Zna-

jek 1977; Tanabe & Nagataki 2008; Tchekhovskoy et al.

2010, 2011)

PBZ = 4.0× 10−3 1

c
Ω2

HΦ2
BHf(ΩH) (14)

'10

(
φBH

50

)2

x2
af(xa)Ṁinc

2, (15)

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/GM
2
BH is the

dimensionless BH spin parameter, rH = rg(1+
√

1− a2)

is the horizon radius, rg = GMBH/c
2 is the gravitational

radius of the BH. φBH = ΦBH/
√
Ṁinr2

gc is the dimen-

sionless magnetic flux threading the BH and is typically

on the order of 50 based on GRMHD simulations (McK-

inney et al. 2012)2. This gives ηjet,BZ ≡ PBZ/Ṁinc
2 '

10(φBH/50)2x2
af(xa).

Figure 11 gives the distribution of the dimennsion-

less spin parameter a assuming ε = 0.1 and φBH = 50.

2 In McKinney et al. (2012), the dimensionless magnetic flux

is denoted by ΥBH ≈ ΦBH/5
√
Ṁinr2gc = φBH/5 (Gammie 1999;

Penna et al. 2010). Typically, ΥBH is the order of 10 (see Table 9
in McKinney et al. 2012).



10 Inoue, Doi, Tanaka, Sikora, and Madejski

Figure 11. Distribution of the dimensionless spin parame-
ters 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.

For φBH = 50, < log a >= −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 evolution models (Volonteri et al. 2005,

2007, 2013). Figure 11 also shows the spin parameter

distribution but assuming φBH = 20. In this case, we

have < log a >= −0.50 ± 0.24. Therefore, the results

on the spin parameter strongly depend on the assump-

tion on the magnetic flux threading the BH which is ex-

pected to be the dominant factor for the generation of

jets considering the radio loundness distribution (Sikora

& Begelman 2013).

Observationally, various attempts have been recently

considered to measure the magnetic field near active

SMBHs. VLBI observations toward M 87, whose ac-

cretion rate is significantly sub-Eddingtion (Di Mat-

teo et al. 2003), revealed B ∼ 10 G at the jet base

∼ 10Rs from the central BH using the synchrotron self-

absorption (SSA) frequency (Kino et al. 2015; Hada

et al. 2016). Recent linear polarimetric adaptive op-

tics observation of an AGN torus yields a dusty torus

magnetic filed strength in the range of 4–82 mG assum-

ing a clumpy torus model (Lopez-Rodriguez et al. 2015).

Maser observations also constrains the magnetic fields at

∼ 0.2 pc from the central BH to be . 1 G (Gnedin et al.

2014). Although the B-field in the inner region (near the

corona scale) has not been well investigated yet, future

detection of coronal synchrotron emission would provide

an information on magnetic field (Inoue & Doi 2014;

Raginski & Laor 2016). Possible millimeter excess has

been already reported from a nearby radio-quiet AGN

NGC 985 (Doi & Inoue 2016). If this excess is com-

ing from the corona, the magnetic field strength at 100

times the Schwarzschild radius is expected to be∼ 150 G

(Doi & Inoue 2016) near the equipartition value with

the gas energy density. Assuming ε = 0.1, this yields

φcorona ∼ 2. If φBH is such a low value even for radio

quasars, faster spin parameters are required.

Avara et al. (2016) have recently found that the jet

production efficiency in the MAD scenario depend not

only on the spin and magnetic flux but also on the ge-

ometrical thickness of the accretion flow. Geometrical

thickness of the accretion from of our quasar samples

is expected to be small since they are at the range of

0.01 . λdisk . 0.3 (See Figure 1). However, the disk

structure itself is not well understood. In the MAD sce-

nario, the disk is expected to be truncated at the outer

radius of a magnetospheric radius (Narayan et al. 2003).

Although we would be able to locate the inner radius

based on Iron-K line analysis (George & Fabian 1991),

it is still not clear whether there is any systematic trend

of disk truncation in radio-loud AGNs. Some radio-loud

AGNs show the inner radius is > 10Rs (e.g., Larsson

et al. 2008; Sambruna et al. 2009; Tazaki et al. 2010;

Tombesi et al. 2011; Tazaki et al. 2013), while the disks

of others extend down to ∼ 4−6Rs (Kataoka et al. 2007;

Sambruna et al. 2011).

5.7. Radio Loudness and Disk Eddington Ratio

The correlation between λ and R (Figure 1) is also

another important indicator for the disk and jet connec-

tion. Sikora et al. (2007) found a negative correlation

between the radio loudness R and the Eddington accre-

tion ratio by covering nearly 7 orders of magnitude in

disk Eddington ratios. And, a clear bimodality is seen

in the correlation (Sikora et al. 2007), although Brod-

erick & Fender (2011) pointed out that the bimodality

becomes less apparent when R is determined from the

core luminosity only and a mass correction is applied

(see also Gardner & Done 2014). The physical origin of

the correlation between λ and R is still under debate.

The correlation can be tested with our full quasar

sample (Figure 1), although our sample covers only

about 3 orders of magnitude in disk Eddington ratios

(0.01 . λ . 1). The Spearman rank correlation gives

ρλR = −0.11 with the p-value of < 10−10. There-

fore, a negative correlation between λ and R exists at

0.01 . λ . 1. Here, both R and λ depend on the disk

luminosity. If Ldisk is set as the control variable, ρλR,L
becomes -0.022.

This weak negative correlation between R and λ can

be fitted by the function of

logR = (−0.28± 0.015) log λ+ (1.5± 0.015), (16)

with a scatter of 0.74. Following the MAD scenario

(Narayan et al. 2003), it is expected to be R ∝ ηjet/ε ∝
λ−0.4 (Sikora et al. 2013). Although we find R ∝ λ−0.28,

distributions of MBH and magnetic fluxes would cause
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dispersion on this relation. Sikora et al. (2013) argued

that R can decrease with increasing λ if all cold accre-

tion episodes start after the magnetic flux accumulation

by a hot (geometrically thick) accretion phase. Indica-

tions of such a process during the Bondi accretion phase

have been recently provided by studies of Pjet/ṀBondi in

nearby radio galaxies (Nemmen & Tchekhovskoy 2015).

Rusinek et al. (2016) proposed that time variation would

cause this trend. The jet power estimated in this paper

is time-averaged values, while the disk luminosity is the

instantaneous value as discussed above. Since our sam-

ple covers only 0.01 . λ . 1, additional samples cover-

ing lower λ are necessary for more detailed analysis on

this relation.

6. CONCLUSIONS

In this paper, we studied the disk-jet connection in ac-

tive 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 re-

lation (Willott et al. 1999) which is calibrated by the X-

ray cavity measurements (Willott et al. 1999; Godfrey

& Shabala 2013). Bolometric accretion disk luminosity

is estimated by the SED templates in Richards et al.

(2006). Central BH mass is also provided by Shen et al.

(2011) 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 fundamen-

tal 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 depen-

dence 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 re-

vealed that the plane exists only for low accretion AGNs

(e.g. Merloni & Heinz 2008; Plotkin et al. 2012).

The relation between radio loudness, R, and the disk

Eddington ratio λ is also investigated. Our samples

cover about 3 orders of magnitude in λ. With our large

sample, we confirmed that there is a weak negative cor-

relation between R and λ. This is consistent with the

report in Sikora et al. (2007). However, our samples

covered only at 10−2 . λ . 10. Future deeper optical

spectroscopic surveys such as the Subaru Prime Focus

Spectrograph survey (Takada et al. 2014; Sugai et al.

2015) would help us to extend our samples to optically

faint AGNs, i.e. high radio-loudness objects.

Following the BZ scenario (Blandford & Znajek 1977),

the jet power is related to the BH spin and the mag-

netic flux threading the BH. Taking the value of the

dimensionless magnetic flux value from numerical sim-

ulations by McKinney et al. (2012) φBH = 50, we esti-

mated the distribution of the dimensionless spin param-

eters a. However, the resulting a is ' 0.13+0.11
−0.059 which

is much smaller than what is expected from the cos-

mological merger SMBH evolution (e.g., Volonteri et al.

2013). Therefore, the magnetic flux strength threading

the SMBHs might be weaker than it is expected from nu-

merical simulations following the spin evolutionary mod-

els. 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 dependence of the efficiency on geometrical

thickness of the accretion flow (Avara et al. 2016), since

our quasar samples accreting at 0.01 . λdisk . 0.3 is

expected to be have small geometrical thickness.
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Figure A1. Slope coefficient of the regression line between
Ldisk and Pjet as a function of limiting radio loudness Rlim.
Open data treat only detected samples, while filled data
include censored data. Square, circle, and upper-triangle
point corresponds to the results from the expectation-
maximization (EM) algorithm, the Buckley-James (BJ) al-
gorithm, and the Schmitt’s (Sc) algorithm, respectively.
The down-triangle points show the number fraction of non-
detected samples.
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APPENDIX

A. CORRELATION ANALYSIS WITH CENSORED

DATA

In this paper, we use only detected data. However,

our samples are flux-limited samples. Given the SDSS

DR7 quasar catalog, a portion of those quasars are not

detected in NVSS. Such a censored data set would affect

the results and implication to the data (e.g. Isobe et al.

1986; Bonchi et al. 2013). In this section, we argue how

the results will be affected by such a censored data.

The number of the SDSS DR7 quasars is 105783 (Shen

et al. 2011), while our parent sample contains 8436

SDSS-DR7 quasars of which 7017 are radio-loud. Since

it is known that only about 10% of quasars are radio-

loud (Baloković et al. 2012), this large difference is nat-

urally expected. Therefore, if we include all the SDSS

DR7 quasar, radio data are dominated by the upper lim-

its of unrelated radio-quiet objects whose radio emission

is generated by quasar driven disk outflows rather than

relativistic jets (e.g. Zakamska & Greene 2014). In or-

der to investigate radio-loud objects, we restrict samples

above a certain radio-loudness Rlim. For non-detected

objects, we can select sources by setting the upper lim-
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Figure A2. Same as Figure A1, but showing intercept coef-
ficients.
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Figure A3. Same as Figure 4, but including censored data
(gray triangles). Regression line including the censored data
is shown in dot-dashed. The EM algorithm is adopted.

its on the radio loudness RUL above Rlim, where radio

flux upper limits for non-detected objects are set as the

detection limit of the NVSS, 2.5 mJy (Condon et al.

1998).

Figure A1 and Figure A2 show the slope coefficient

and the intercept coefficient, respectively, in the re-

gression analysis of the (Ldisk, Pjet) plane as a func-

tion of Rlim for the data sets with and without non-

detected objects. We adopt the three regression analy-

sis methods; expectation-maximization (EM) algorithm,

the Buckley-James (BJ) algorithm, and the Schmitt’s

(Sc) algorithm. The EM algorithm is similar to the

least-squares fitting method, and assumes that the in-

trinsic residuals of Pjet are normally distributed in log

space about the regression line for fixed values of Ldisk.

Censored data are taken into account by determining the

degree to which the upper limits are compatible with the
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assumed dispersion about the regression line. The BJ

algorithm is similar in approach, but uses the Kaplan-

Meier distribution for the residuals. The Sc method di-

vides the (x, y) plane into bins and uses the Kaplan-

Meier distribution for the residuals. Isobe et al. (1986)

provide details about theses algorithms.

The three regression algorithms give similar results for

the entire the Rlim range. However, it is clear that the

results becomes significantly different by the treatment

of non-detection data samples, specifically at logRlim .
2.5 where the fraction of non-detected data starts to

increases. In order to see how the results are affected

by censored data, Figure A3 shows the relation between

Ldisk and Pjet setting R ≥ 10 including censored data.

The regression line for the detected sources is given in

Equation 5, while the regression line incorporating the

censored data is given in

logPjet = (1.80±0.017) logLdisk+(−39.4±0.81), (A1)

with a scatter of 1.10. The values are from the EM

method assuming a normal distribution for the residuals.

It is clearly seen that the regression line for the censored

data does not well reproduce the detected data.

In the fitting procedure in the methods above, regres-

sion lines for the censored data generally become lower

than the original upper limit (UL) values. This is be-

cause censored data are incorporated determining the

degree to which the upper limits are compatible with

the assumed dispersion about the regression line. The

expected true values of the censored data from the re-

gression analysis could become lower than the UL values.

Thus, the true value of R of the UL data would become

< Rlim. However, we need to restrict samples having

R ≥ Rlim in order to select objects having relativistic

jets. This inconsistency potentially leads spurious out-

comes by taking into account the censored data. Thus,

in order to avoid such results due to unrelated datasets,

we do not include the censored data in our analysis.
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