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Abstract

A correlation among the radio luminosity (Lg), X-ray luminosity (Lx), and black hole (BH) mass (Mgy) in active
galactic nuclei (AGNs) and BH binaries is known to exist and is called the “fundamental plane” of BH activity.
Yuan & Cui predict that the radio/X-ray correlation index, &, changes from & ~ 0.6 to & ~ 1.2-1.3 when
Lx /Lgqq decreases below a critical value of ~107%. While many works favor such a change, there are also several
works claiming the opposite. In this paper, we gather from the literature the largest quiescent AGN (defined as
Lx /Lgqa < 107°) sample to date, consisting of 75 sources. We find that these quiescent AGNs follow a & ~ 1.23
radio /X-ray relationship, in excellent agreement with the Yuan & Cui prediction. The reason for the discrepancy
between the present result and some previous works is that their samples contain not only quiescent sources but
also “normal” ones (i.e., Lx /Lgqq = 107°). In this case, the quiescent sources will mix up with those normal ones
in Lg and Lx. The value of & will then be between 0.6 and ~1.3, with the exact value being determined by the
sample composition, i.e., the fraction of the quiescent and normal sources. Based on this result, we propose that a
more physical way to study the fundamental plane is to replace Lgr and Ly with Ly /Lggqq and Lx/Lgqgq,
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respectively.
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1. Introduction

There is much observational evidence in black hole (BH)
X-ray binaries (BHBs) and active galactic nuclei (AGNs) for
the coupling between the collimated relativistic jet and the
accretion flow. One example comes from Corbel et al. (2003)
and Gallo et al. (2003), who discovered a remarkably tight
correlation between radio (monochromatic, Lg = vL,, at, e.g., 5
or 8.5 GHz) and X-ray (at 2—10 keV; hereafter Lx) luminosities
in BHBs during their hard states (see Corbel et al. 2013 for
latest summary). This correlation was later extended to include
low-luminosity AGNs (LLAGNs). With the impact of BH mass
Mgy taken into account, Merloni et al. (2003, hereafter M03)
found that log Lg = 0.6log Lx + 0.78 log Mpy + 7.33, with a
scatter of og = 0.88 dex. Here (and throughout this paper) the
luminosities and BH masses are, respectively, in units of
erg s~' and Mg. We refer to this relationship as the original/
standard MO3 “fundamental plane” (hereafter FP) of back hole
activity (for later work, see, e.g., Falcke et al. 2004; Kording
et al. 2006; Merloni et al. 2006; Wang et al. 2006; Panessa
et al. 2007; Li et al. 2008; Giiltekin et al. 2009, hereafter G09;
Plotkin et al. 2012; Younes et al. 2012; Dong & Wu 2015;
Panessa et al. 2015; Fan & Bai 2016; Liu et al. 2016; Nisbet &
Best 2016).

Yuan et al. (2005) have proposed a coupled accretion—jet
model for LLAGNs and BHBs (see Yuan & Narayan 2014 for
a review). In this model, unless the system is extremely faint,
the thermal gas in a hot accretion flow is responsible for the
X-ray emission and the relativistic power-law distribution
electrons in a jet produce the radio emission. Yuan & Cui
(2005, hereafter YCO05) show that the FP can be explained
naturally in this model (seel also M03; Heinz & Sunyaev 2003;
Heinz 2004; Xie & Yuan 2016), i.e., it is a direct consequence
of a tight relationship between mass inflow /accretion rate and
mass ejection rate (YCO05; Xie & Yuan 2016). The scatter of the
correlation, on the other hand, may reflect the (combination of)

effects of other parameters, e.g., the intrinsic variability in radio
and X-rays, the BH spin (Miller et al. 2009; Narayan &
McClintock 2012), the strength of the magnetic field (Blandford
& Znajek 1977, Sikora et al. 2007), the Doppler beaming effect
(Li et al. 2008, but see van Velzen & Falcke 2013), the angular
momentum of the accreting gas (Cao 2016), and the environ-
ment (van Velzen & Falcke 2013).

After the discovery of the original M03 FP, several notable
complexities were revealed over the past decade. First, AGNs
with different radio loudness seem to follow relationships that
are different in both normalization and correlation slope (e.g.,
Wang et al. 2006; Li et al. 2008; de Gasperin et al. 2011).
Second, long-term quasi-simultaneous monitoring on indivi-
dual sources find that, some sources do not follow the slope
predicted by the original M0O3 FP during their fluctuations in
luminosities, and they can be classified as outliers (for BHBs,
see, e.g., Xue & Cui 2007; Coriat et al. 2011, and Corbel et al.
2013 for a recent summary; for AGNs, see, e.g., Bell
et al. 2011; King et al. 2013; Xie et al. 2016). These outliers,
individually, seem to follow a hybrid radio/X-ray correlation,
ie., Lp L;” when Ly is high (see also Gallo et al. 2012;
Dong et al. 2014; Panessa et al. 2015; Qiao & Liu 2015),
Lg o LY° when Ly is moderately low, and can recover the
original. M0O3 FP when Lx is much lower. The hybrid
correlation is most evident in BHB H1743-322 (Coriat
et al. 2011) and LLAGN NGC 7213 (Bell et al. 2011; Xie
et al. 2016).

The third complexity, which is the focus of this work, is
whether or not the AGNs with extremely low luminosities,
ie., the so-called “quiescent” AGNs (defined as sources
with LX/LEdd S 1076, here Lggga = 1.3 X 1046 MBH/
108 Mg erg s~! is the Eddington luminosity), follow the original
MO3 FP. YCO5 shows that the answer should be “no.” The
reason is that in the accretion—jet scenario, the origin of the X-ray
emission in quiescent AGNs is different from that of normal
LLAGNs (defined as sources with Ly /Lggq = 1079), ie., it
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originates from the jet instead of the hot accretion flow (YCO05).
Physically, this is because both the hot accretion flow and the jet
emit X-ray emission, but the dependence of X-ray radiation from
the hot accretion flow on the accretion rate is less sensitive
compared to that from the jet. Thus, with the decrease of
accretion rate (or equivalently luminosity), the radiation from the
jet will catch up with that from the accretion flow and become
dominant below a critical luminosity Lx crit /LEdd ~ 1079 (see
also Fender et al. 2003). Moreover, because of the change of the
X-ray origin from a hot accretion flow to a jet, YCO5 predicts that
the quiescent accretion systems will follow a steeper relationship
between radio and X-rays (see also Heinz 2004; Gardner & Done
2013), i.e., the FP of faint accretion systems is revised to
(YYHO09), logLg = 1.231log Lx + 0.25log Mgy — 13.45.
Hereafter, we will refer to this relationship as the YCO5 FP.

We note that the value of the critical luminosity Lx cit
depends on detailed parameters that control the properties of
accretion flow and/or the jet. The Ly . value obtained in
YCOS5 is for the “general” sources. If for some reason (e.g.,
Doppler beaming) the radiation from the jet is very strong in
some sources, the critical luminosity can become significantly
larger. This is the case of radio-loud sources (e.g., Wang
et al. 2006; Li et al. 2008; de Gasperin et al. 2011). In this
work, we aim at “general” sources.

The YCOS5 predictions have been confirmed by many
observational and theoretical works (see the review by Yuan
& Narayan 2014), both of AGNs (e.g., Pellegrini et al. 2007;
Wu et al. 2007; Wrobel et al. 2008; Yuan et al. 2009,
hereafter YYHO09; de Gasperin et al. 2011; Younes et al. 2012;
Li et al. 2016b) and BHBs (e.g., Pszota et al. 2008; Plotkin
et al. 2013; Reynolds et al. 2014; Xie et al. 2014; Yang et al.
2015b). For example, YYHOO did a statistical analysis based on
a sample consisting of 22 quiescent AGNs. They found
& =122 £0.02, in excellent agreement with
the YCOS prediction.

However, there are also claims in the literature of a univer-
sal FP extending down to quiescent systems, without any
steepening pattern. For example, the three BHBs with radio and
X-ray observations during their quiescent states are claimed to
follow the original M0O3 FP at low X-ray luminosities (Gallo
et al. 2006, 2014; Corbel et al. 2008, 2013). For AGNs, Dong
& Wu (2015, hereafter DW15) recently selected from the flux-
limited Polmar survey a sample of 73 AGNs (Sgr A" also
included) and combined them with a large sample of data
points of BHBs to investigate the FP jointly from sub-
Eddington to quiescent systems. They claim that those with
Lx < Lx it (24 AGNs under a detailed definition of Ly i,
see DW15) seem to be roughly consistent with the original
MO3 FP. As discussed in detail in Sections 5.3 and 5.4, we
argue that their analysis and conclusion contain some
problems.

In this work, the FP of quiescent systems is re-examined.
Because the aim is to check the YCO5 prediction,
following YYHO09, we exclude normal LLAGNs and focus
on quiescent AGNs only. In order to reduce the contamination
of the host galaxy, we restrict ourselves to observations that
have sufficiently high spatial resolution and sensitivity. This
paper is organized as follows. We describe our sample
compilation (75 sources in total, to our knowledge, the largest
quiescent AGN sample to date) in Section 2. We then introduce
the statistical analysis method in Section 3. Subsequently, we
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Table 1
Observational Data of Quiescent AGNs
Sources Log(Mgn) Log(Lgr) Log(Ly) References”
Mo) (ergs™) (ergs™)

3C 31 8.70 39.48 40.70 m: 1;rx: 2
3C 66B 8.84 40.00 41.13 m: 1;rx: 2
3C 83.1B 9.01 39.49 41.16 m: 1; rx: 2
3C 338 8.92 39.47 40.34 m: 11 3% x: 2
3C 449 8.54 39.11 40.38 m: 1;rx: 2
3C 465 9.13 40.44 41.07 m: 1; rx: 2
M31 8.14 32.25 36.06 m: 4; rx: 5
M32 6.40 32.36 36.00 m: 6; rx: 7
M8l 7.85 37.20 40.20 m: 8; rx: 9
M84 8.97 38.54 39.50 mx: 10; r: 11, 12
M87 9.5 39.70 40.82 m: 13, rx: 12
NGC 0404 5.16 33.5 37.02 mrx: 14,1
NGC 0474 7.73 <35.55 38.46 mr: 12; x: 10
NGC 0507 8.91 37.67 40.66 mrx: 14, 1
NGC 0524 8.94 36.75 38.57 mr: 12; x: 10
NGC 0821 8.21 <35.40 <38.30 mrx: 10, 12
NGC 1399 8.7 <38.03 <38.82 mx: 10; r: 15°
NGC 2768 8.82 37.50 39.77 mrx: 12; x: 16
NGC 2778 7.16 35.50 38.64 mrx:12; x: 16
NGC 2787 8.14 36.52 38.30 mx: 14, 1 1: 17
NGC 2841 8.31 36.00 38.26 mx: 14, r: 17
NGC 3115 9.00 35.23 <37.50 mr: 18; x: 19
NGC 3226 8.06 37.21 40.00 mx: 14, r: 17
NGC 3245 8.21 36.94 39.25 mx: 14, r: 17
NGC 3377 8.25 35.08 38.17 mrx: 10
NGC 3379 8.62 36.01 37.81 mrx: 14, 10
NGC 3384 7.03 35.22 38.09 mr: 12, 15; x: 10
NGC 3414 8.67 36.65 39.92 mr: 12; x: 10
NGC 3607 8.14 36.79 38.79 mr: 12; x: 10
NGC 3608 8.67 35.90 38.20 mr: 12; x: 10
NGC 3610 8.09 <35.29 39.05 mr: 12; x: 16
NGC 3627 7.24 36.37 38.30 m: 20; r: 11; x: 21
NGC 3628 7.24 36.40 38.51 mx: 14; r: 17¢
NGC 3675 7.1 <36.3 <38.1 mrx: 14
NGC 3941 7.37 35.61 39.27 mx: 14; 1r: 17
NGC 4143 8.16 37.11 39.97 mr: 12; x: 10
NGC 4168 8.13 37.44 <38.91 mrx: 12
NGC 4203 7.79 37.10 40.09 mrx: 17, 14
NGC 4216 8.09 36.58 38.91 mx: 14; r: 22°
NGC 4233 8.19 37.36 40.26 mrx: 12
NGC 4261 8.72 38.62 41.12 mx: 12; r: 23
NGC 4278 8.61 38.35 40.04 mx: 14; 1: 11
NGC 4365 9.01 <35.42 38.32 mr: 12; x: 10
NGC 4459 7.82 36.04 38.82 mx: 14; r: 24
NGC 4472 9.40 36.60 <39.36 mrx: 12
NGC 4473 7.95 <35.30 <38.10 mr: 12; x: 10
NGC 4477 7.89 35.90 39.10 m: 1;r: le; x: 25
NGC 4494 7.68 36.40 38.74 mx: 12; r: 15°
NGC 4501 7.79 36.28 38.89 mx: 14; r: 26
NGC 4552 8.92 38.23 39.12 mx: 12; r: 10
NGC 4564 7.94 <35.13 38.52 mx: 12; r: 10
NGC 4565 7.41 36.55 39.85 mx: 14; r: 17¢
NGC 4570 8.03 <35.23 38.13 mx: 12; r: 10
NGC 4594 8.46 37.85 40.2 mrx: 27, 14
NGC 4621 8.40 35.1 37.8 mrx: 28
NGC 4636 8.33 36.4 <38.38 mr: 12; x: 20
NGC 4649 9.07 37.48 38.10 m: 14; rx: 27
NGC 4697 8.31 35.00 37.30 mrx: 28
NGC 4698 7.57 35.59 38.69 mrx: 14°
NGC 4736 7.05 35.51 38.48 mx: 14; r: 29
NGC 4754 7.76 <35.31 38.27 mrx: 11
NGC 4762 7.63 36.58 38.26 mrx: 11
NGC 4772 7.57 36.48 39.30 mrx: 14, 17
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Table 1
(Continued)
Sources Log(Mgn) Log(Lr) Log(Ly) References®
(Mo) (ergs™)  (ergs™)
NGC 5576 8.44 <35.50 38.88 mrx: 12; x: 30
NGC 5638 7.60 <35.52 <38.33 mrx: 12; x: 30
NGC 5813 8.75 37.49 38.79 mr: 12; x: 10
NGC 5838 9.06 36.50 38.97 mrx: 12; x: 10
NGC 5845 8.69 <35.46 39.05 mrx: 12
NGC 5846 8.43 36.62 39.54 mrx: 14
NGC 5866 7.81 37.04 38.57 mx: 14; r: 22
NGC 6109 8.56 39.44 40.35 m: 1; rx: 2
NGC 6500 8.28 39.35 40.56 mrx: 20; x: 30
NGC 7626 8.71 38.48 40.97 mrx: 14, r: 17
IC 1459 9 39.69 40.64 mrx: 20
IC 4296 9.1 38.72 40.24 mrx: 20
Notes.

 The references for black hole mass (labeled “m™), Ly (labeled “r”), and Ly
(labeled “x”).

® VLA observed at 1.4 GHz. The flux is convert to that at 5 GHz with a flat
radio spectrum assumption, i.e., o« = —0.4, where F, oc v~ °.

€ Only the compact component of Very Long Baseline Array (VLBA)
observation (at 8.4 GHz) is considered here. The flux is convert to that at
5 GHz with the assumption that o« = —0.4.

References. (1) Wu et al. (2011), DW15, (2) Hardcastle et al. (2009), (3)
Bentile et al. (2007), (4) Bender et al. (2005), (5) Garcia et al. (2010), (6) van
den Bosch & de Zeeuw (2010), (7) Yang et al. (2015b), (8) Devereux et al.
(2003), (9) Miller et al. (2010), King et al. (2016), (10) Pellegrini (2010),
(11) Nagar et al. (2001), (12) Nyland et al. (2016), (13) Walsh et al. (2013),
(14) Ho (2009), Ho et al. (2009), (15) Brown et al. (2011), (16) Miller et al.
(2012a), (17) Nagar et al. (2005), (18) Wrobel & Nyland (2012), (19) Wong
et al. (2014), (20) MO03, (21) Grier et al. (2011), (22) Filho et al. (2004),
(23) Laurent-Muehleisen et al. (1997), (24) Ho (2002), (25) Akylas &
Georgantopoulos (2009), (26) Ho & Ulvestad (2001), (27) G09, (28) Wrobel
et al. (2008), (29) Nagar et al. (2002), (30) Terashima & Wilson (2003), (31)
Miller et al. (2012b).

present the fitting results in Section 4. Sections 5 and 6 are
devoted to discussions and a brief summary respectively.

2. The Sample of Quiescent/Faint AGNs

We gathered from the literature a sample of quiescent/faint
AGNs with measurements of their BH mass, nuclei radio (at
5 GHz), and X-ray (2-10 keV) luminosities. Since most of our
targets are weak nuclei at the center of normal galaxies,
the contamination of emission from their host galaxy, i.e., the
radio emission due to residual star formation or supernovae
remnants in the nuclei region of the host galaxy, or extended/
elongated radio emission from mini-lobes if the jet is spatially
resolved (see the discussions in Nyland et al. 2016), could be
of vital importance. In order to discriminate these possible
contaminations, we select data that are observed at arcsecon-
d (or even higher, e.g., XMM-Newton and Chandra for X-rays,
and Very Large Array (VLA) for radio.) spatial resolution. For
sources that have several observations, we prefer data with
higher spatial resolution. Moreover, for sources with extended
radio morphologies, we only consider the nuclei component,
i.e., the emission of the compact jet. Considering the strong
fluctuations in AGN activity, we argue that only this compact
radio component relates directly to the current nuclei activity
(shown in X-rays) of the AGNs. We also note that for the
X-rays of NGC 3115, only the compact component is adopted
(Wong et al. 2014).
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Figure 1. Distribution of black hole mass (in units of Mg) as a function of
X-ray Eddington ratio (Lx /Lgdq). The two red solid curves mark the boundaries
of the (quasi-)Mpy-free subsample, i.e., logMpy = 8.1, 9.1, and the black
dashed curve shows the average BH mass of this subsample, log (Mpy) = 8.71.
The blue filled circles represent sources with firm detections in Lr and Ly, the
orange open circles and red arrows show sources whose Lg and Ly are,
respectively, upper-limit constraints. The dark gray arrows are sources for
which Ly and Lx are both upper-limit constraints. Several notable sources are
labeled in green.

The BH mass in these systems is mostly derived based on
the empirical Mpy—o relationship (see Kormendy & Ho 2013
for areview of various ways to estimate Mpy) for which
the uncertainty is normally oy =~ 0.3. More reliable Mgy
measurements, such as those derived from Kkinematics or
reverberation-mapping, will be adopted if they exist, see
the references in Table 1 for details. Besides, in order to
convert the observed flux to luminosity, the luminosity distance
dp should be given in advance. Because of the luminosity
constraint, most of the sources in our sample have dp < 50
Mpc. Consequently, most of our sources have redshift-
independent distance measurements. For most of these sources,
the distances adopted in this work are from Tully et al. (2013),
where we select distances constrained through the surface
brightness fluctuation method. For the remaining few sources
that lack redshift-independent distance measurements, we
derive d; from redshift based on the Planck2015 flat
cosmology (Planck Collaboration et al. 2016), with
Hy = 67.8 kms~! Mpc~! and Oy, = 0.308.

The main selection criteria of our sample compilation comes
from the X-ray luminosity constraint, i.e., we require the X-ray
Eddington ratio Lyx /Lggq < 1079, a critical luminosity below
which the accretion—jet model predicts a jet origin of the X-ray
emission (YCO5, YYHO09). Considering the uncertainties in the
measurements of Mgy, this criteria is slightly weakened to
Lx /Lggq < 1077 (see the X-axis range of Figure 1). There is
one notable exception—we exclude from our sample Sgr A%,
whose Ly /Lggqg ~ 107! (in its quiescent state, see Figure 6).
High-resolution radio observations suggest the non-existence
of the elongated/collimated jet in this system during its
quiescent state (at the ~10 Ry level, where R; is the
Schwardschild radius of BH, see, e.g., Shen et al. 2005;
Doeleman et al. 2008),' and theoretically the low-frequency
radio emission (e.g., at 5 GHz) originates from the relativistic

Note that, as an independent approach, the jet in the quiescent state of Sgr
A" was recently ruled out by the reliable measurement of the Faraday Rotation
Measure at a submillimeter wavelength (Li et al. 2014).
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power-law distribution electrons within the hot accretion flow
itself (Yuan et al. 2003), instead of the jet. Moreover, the X-ray
emission in Sgr A* is dominated by diffuse gas around ~10° R
(e.g., Baganoff et al. 2003; Wang et al. 2013), unlike that in
other normal LLAGNS, where it originates from nuclei <50 R;
regions (e.g., Fabian et al. 2009; Emmanoulopoulos
et al. 2014). Detailed discussion on Sgr A*, including its flare
state, will be given later in Section 5.3.2.

As listed in Table 1 and shown in Figure 1, our final sample
includes 75 sources, mainly selected from previous compila-
tions, e.g., M03, Nagar et al. (2005), Hardcastle et al. (2009),
Ho (2009), Ho et al. (2009), YYHO09, Pellegrini
(2010), DW15, and Nyland et al. (2016). As shown in Figure 1,
to our knowledge, this is the largest quiescent AGN sample to
date, in which five sources have Lx/Lggq < 107°. In this
sample, 58 sources have firm detections in both radio and
X-rays (blue filled circles in Figure 1). Eight sources have
upper-limit constraints in radio but firm detections in X-rays
(orange open circles in Figure 1, and orange arrows in the rest
of the figures), while four sources have firm detections in radio
but only upper-limit constraints in X-rays (red arrows in
Figure 1). The remaining five sources only have upper-limit
constraints in both radio and X-rays (gray arrows in Figure 1).
As shown in Figure 1, this quiescent AGN sample covers a
large dynamical range in both radio and X-ray Eddington
ratios, i.e., 10~"1% < Lg /Lggq < 10~~7 (see Figure 6 below)
and 10~710 < Ly /Lg4q < 10~737. The BH mass of most
sources is between 10~7° My and 10~° Mg, with a few
exceptions, e.g., Mgy = 10°1¢ My for NGC 404 (Ho 2009)
and Mgy = 10%* M, for M32 (Kormendy & Ho 2013). We
emphasize that the nucleus of M31, with Ly /Lggq = 107140
and Lx/Lgq = 107192 (Garcia et al. 2010), represents the
faintest (in Eddington unit) source in our sample.

With the fact that the LLAGNs are expected to vary
moderately on timescale of months to years (Ho & Peng 2001;
Ho 2008), the uncertainties of the data mainly come from the
non-simultaneity between radio and X-rays (Note that, addi-
tionally, the time delay between the two wavebands should be
corrected, see Section 5.1). Considering the systematic and the
observational uncertainties, we take isotropic uncertainties with
or = ox = oy = 0.3 dex, following M03 and GO09.

3. Fitting Method

We consider the following linear (in logarithmic space)
relationship among three quantities, e.g., Lg (in unit of
erg s 1), Lx (in unit of ergs—!), and Mgy (in unit of Mp),

logLgr = &g log Lx + &y logMpn + c. (D)

For our statistical analysis, we adopt the Markov chain
Monte Carlo (MCMC) Bayesian analysis (see, e.g., Kelly 2007;
Foreman-Mackey et al. 2013, hereafter Bayesian approach) to
derive the best-fit parameters and their corresponding uncer-
tainties (see, e.g., Plotkin et al. 2012). For this approach, we
take the Python routine Emcee (Foreman-Mackey et al.
2013) ver. 2.2.1, which is based on the affine invariant MCMC
ensemble sampler method (Goodman & Weare 2010). We
assume the intrinsic scatter of the FP is of Gaussian
distribution. Moreover, since Lx (or Lx/Lgqq), Lr (or
LR /Lgqq), and Mgy are symmetric physical quantities during
the modeling, we in practice set the model prior probability
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function p (&, &, ¢) to (VanderPlas 2014),

Px & ©) = (1 + 732 (1 + &) 32 2)

We note that the multivariate correlation coefficients shown
in several influential works (among others, see, e.g., M03
and GO09) are derived through the minimization of the
following statistics (hereafter least x> approach),

I (logLg — &xlogLx — &y logMpn — ¢)?
ok + & 0% + Eyom

3

Although this method can provide reasonable regression
coefficients (see Fasano & Vio 1988), there are indeed some
concerns (e.g., Plotkin et al. 2012). For the sake of direct
comparison to those previous works, we also provide results
under this approach, but our discussions will be mainly based
on results derived through the Bayesian regression analysis.
Technically, we use the Python routine kmpfit? of the
Kapteyn package ver. 2.3 (Terlouw & Vogelaar 2012), in
which the C implementation of mpfit (Markwardt 2009) is
adopted.

4. Results

In this section, we present the numerical results based on
different approaches. Section 4.1 considers the sample consist-
ing of all the quiescent AGNs (72 sources), where both the
Bayesian and the least x> methods are adopted (see Section 3
above). Section 4.2 represents the results based on a subsample
with similar BH mass (42 sources). This is because we want to
focus on the value of { so we hope to eliminate any possible
contamination by the BH mass. We find a convergency in both
methods, i.e., { ~ 1.2-1.4.

4.1. The FP of Quiescent AGNs

Here we investigate the linear relationship among log(Lg),
log(Lx), and log(Mpy), following the methodologies described
in Section 3. We first consider a subsample of 58 sources,
which have firm detections in both radio and X-rays (hereafter,
firm-detection subsample). We find that, they follow an FP
with parameters constrained as,

£ = 109087, £, =0707012, ¢ = —11.617%12,
“)
under the Bayesian regression analysis, and
Ex = L1200, &y = 0821011, ¢ = —13.603%,
®)

under the least x> approach. Obviously, the firm-detection
subsample shows a steeper radio/X-ray correlation slope
compared to that of the original FP.

We then analyze the whole quiescent AGN sample. Under
the Bayesian approach, the fitting parameters read

x = 1.23°507.

&y =0637013, ¢ =—-1653131,

(6)

2 https://github.com/josephmeiring /kmpfit


https://github.com/josephmeiring/kmpfit

THE ASTROPHYSICAL JOURNAL, 836:104 (11pp), 2017 February 10

40

III*I\I\IIIIIIIIIIIIIII

N
h—
\

46 48 50 52 54
1.23*Log[L,]+0.63*Log[Mg,]

Figure 2. Fundamental plane of quiescent AGNs. The red solid and dashed
curves represent the Bayesian regression analysis result (see Equation (6)) and
its scatter, respectively. For comparison, we show the original MO3 FP by the
two gray long-dashed curves, with Mgy fixed to 10° My (upper) and 108 Mg
(lower). The meaning of the symbols is the same as that in Figure 1 (note that
the orange arrows here are the same as the orange circles in Figure 1). Several
notable sources are labeled in green. Additionally, Sgr A™ in its quiescent and
flare states, is shown by black asterisks for the purpose of comparison, see
Section 5.3.2 for details.
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with an intrinsic scatter in log Lz of o = 0.81 dex, and under
the least % method the fitting parameters read
€x = 1.307507,

&= 057015, = —18.5372]5,

@)

with an intrinsic scatter in log Lg of og = 0.82 dex.

The radio/X-ray correlation slope derived above (e.g.,
Equations (6) and (7)) is clearly different, at a >60 confidence
level, from that of the original M03 FP, whose & ~ 0.6 £ 0.1
(see also Corbel et al. 2013 for a summary of this relationship
in BHBs). This FP is in good agreement (in &) with the
prediction of YCOS5 and the result of YYHO09 based on a limited
quiescent AGN sample. We show the Bayesian regression
analysis result (see Equation (6)) as the red solid curve in
Figure 2. The two red dashed curves represent the intrinsic 1o
scatter of the best-fit result. For comparison, we also show the
original MO3 FP by the two black long-dashed curves, where
the BH mass is fixed to 108 Mg and 10° My, respectively, for
the lower and the upper curves. Figure 3 shows one- and two-
dimensional projections of the posterior probability distribu-
tions of Bayesian MCMC fitting parameters, where the three
dashed curves mark the location of the best-fit values, and the
corresponding 1o uncertainties (see Equation (6)).

From Figure 2, there are several points worth further
emphasis. First, considering the moderately large scatter in
the observational data, the deviation to the original M03 FP
(see the long-dashed curves) is most evident in M31 (see also
Figure 5 below and Wu et al. 2013), which has the lowest
Ly /Lgqgq and Ly /Lgqq in our sample. The other sources, on the
other hand, are in rough agreement with the original M0O3 FP
(see also Figure 5 below). In this sense, we urge that more
effort should be devoted to sources whose X-ray Eddington
ratio Ly /Lggg < 107%3. These sources are of crucial impor-
tance in confirming the deviation to the original FP, as well as
the existence of a new YCO5-type FP in these faint/quiescent
AGNs. Second, the radio/X-ray correlation slope & in
quiescent AGNs can be constrained from a sample that
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Figure 3. One- and two-dimensional projections of the posterior probability
distributions of the fitting parameters based on Bayesian MCMC analysis of the
whole quiescent AGN sample, see Equation (6). The three dashed curves mark
the location of the best-fit value, and the corresponding 1o uncertainties.

includes quiescent AGNs only. If instead the sample also
includes numerous brighter sources, the new steep correlation
will become invisible. We will discuss these two issues further
in Section 5.3.

4.2. (Quasi-)Mgy-free Subsample: The Radio/X-Ray
Correlation Index &

The key point of the YCOS5 prediction is the change of the
radio/X-ray correlation index &. Therefore, the best way to
examine this prediction is to study the correlation only between
Lg and Ly, without the possible “contamination” of BH mass
Mgy. This is because we have more freedom in the fitting
among three quantities Lg, Ly, and Mgy, thus it is difficult to
determine the value of & precisely.

Following de Gasperin et al. (2011) and DW15, we create a
subsample of sources with similar Mgy, but has a large
dynamical range in X-ray luminosity (in the Eddington unit).
For simplicity, we name it a (quasi-)Mpy-free subsample. As
shown in Figure 1, we select sources with Mgy in the range
of 1081-10%! My (one dex in Mgy, the boundaries are shown
as two red solid curves in this plot). The boundaries are chosen
so that the subsample will have the largest dynamical range in
LX/LEdd» ie., 10~-10 < LX/LEdd < 10~737. This Mgy-free
subsample includes 42 sources, among which 34 have firm
detections in both radio and X-rays. The average BH mass of
this subsample is (Mpy) = 1037 Mg,

This Mpy-free subsample can be used to explore the radio/
X-ray correlation, and provide direct constrains on the
correlation slope &. A linear fit between logLgr and log Lx
of this Mgy-free subsample under the Beyesian method reads
(see Section 3, but note that the quantity Mgy is omitted during
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Figure 4. Radio/X-ray correlation of the Mpy-free subsample. The black solid
curve, with {x = 1.36, represents the fitting of this subsample, see Equation
(8). For comparison, we also show the {4 = 1.23 FP of the whole sample (the
red dashed curve), and the original M03 FP (the gray long-dashed curve), both
of which have Mgy fixed to (Mpp). The meaning of the symbols is the same as
that in Figure 2. In addition, the red open triangles and the green open squares
are, respectively, the 14 normal LLAGNs selected from DWI15 and the 10
AGNSs selected from MO03, both under the same Mgy constraint. They are
shown here as representative of normal LLAGNSs that follow the shallower
MO03 FP.

the modeling)

logLg = 1.361090 log Lx — 16.3873:¢3, )
and under the least Y2 method reads

logLg = 1.45%097 log Lx — 19.597%83. )

We show the Bayesian fitting result as the black solid curve in
Figure 4. Note that the radio/X-ray correlation slope here is
clearly different, at a >7¢ confidence level, from that of the
original M03 FP (black long-dashed curve in Figure 4, with
Mgy set to (Mpy)). For comparison, we also plot in Figure 4 the
& = 1.23 FP of the whole quiescent AGN sample (the red
dashed curve), with Mpy also fixed to (Mpy). Apparently, its
difference to Equation (8) is insignificant.

In Figure 4, we additionally show 14 normal LLAGNs (red
open triangles) selected from DW15 and the 10 AGNs (green
open squares, hereafter, the Mpy-selected M03 AGNs) selected
from MO3, both under the same Mgy constraint. They are
shown here as representatives of normal LLAGNs and normal
AGN:s that follow the shallower MO3 FP. It is evident from this
plot that quiescent AGNs follow a different, steeper, radio/X-
ray correlation, compared to the normal LLAGNs and
normal AGNs.

Because the physics of accretion and radiation is more
relevant to the quantities in the Eddington unit rather than its
absolute values (such as mass accretion rate and luminosity),
we further try to find a linear relationship between
log(Lg /Lg4q) and log(Lx /Lgqq) for this Mpy-free subsample.
Assuming the uncertainty of each quantity is still 0.3 dex, the
fitting can be read as

log(Lg /Leaa) = 1357007 log(Lx /Lead) + 0497335  (10)
under the Bayesian statistics, and

log(Lgr /Lgqa) = 1.43(£0.08) log(Lx /Lgdq) + 1.13(£0.57)
1D

Xie & Yuan

under the least x? approach. Finally, a linear fitting between
log(Lr /Lgag) and log(Lx/Lggq) of the whole sample
can be derived as log(Lg /LEdd) = 1.481'818; log(Lx /LEdd) +
1.137931, where the Bayesian approach is adopted. This result
is consistent with that derived based on the Mgy-free
subsample.

5. Discussions
5.1. Uncertainties of the Observational Data

We first discuss the uncertainties of the observational data,
i.e., or and ox.

In quiescent AGNs (and normal AGNs also), emission at
different wavebands likely correlates with considerable time
delays. For one example, Bell et al. (2011) found an ~40 day
time delay of radio (at ~5GHz) to X-rays in the LLAGN
NGC 7213. Thus, in order to explore the “intrinsic,” physically
connected FP, a correction of the radio/X-ray timelag should
be applied. However, in practice, such a correction is almost
impossible for AGNs because it requires long-term intense
coordinated monitoring in radio and X-rays on individual
sources.” Moreover, the monitoring should also be able to
capture at least one “outburst” in each AGN, in order to have a
reliable measurement of the timelag. With these obstacles/
challenges, to date, very few AGNs have such intense
monitoring (see, e.g., Bell et al. 2011; King et al. 2013 for
such monitoring in AGNs). The time interval between radio
and X-rays for the data shown in Table 1 is typically of
the order of months to years.

The AGNSs are variable, with variability amplitude possibly
as high as ~100% on timescales shorter than the time interval
of observations (Ho & Peng 2001). Such uncertainty dominates
over the actual observational uncertainties in the fluxes (or
luminosities; Lr and Ly) of individual observation reported in
the literature. Admittedly, different estimations will result in
somewhat different fitting results (Kording et al. 2006). There
are several estimations on the systematical uncertainties of the
observed fluxes (e.g., Kording et al. 2006, DW15), and we
adopt isotropic ones, following M03 and G09. DW15 adopted
a slightly smaller scatter in radio luminosities, i.e.,
or = 0.2 dex (Ho & Peng 2001), compared to that in X-rays.
With this modification to the whole quiescent AGN sample, we
carry out a Bayesian regression analysis and find that

Ex = 1.095557,

&y = 070101, ¢ = —11.617342.

12)

Note that this result is consistent with a steeper radio/X-ray
correlation for quiescent AGNs (see Equation (6)), and
disagrees with the claim of a universal FP from sub-Eddington
AGNSs to quiescent AGNSs.

5.2. Impact of Fanaroff-Riley Is and the Dimmest M31 on the
Derived FP

It has been known for years that radio-loud sources
systematically follow a steeper radio/X-ray correlation (e.g.,
Li et al. 2008; de Gasperin et al. 2011; DW15). There are 11

3 Note that the radio/X-ray timelag is considerably small in BHBs.

Consequently, it is crucial to use (quasi-)simultaneous radio and X-ray
observations to explore the radio/X-ray correlation in BHBs. Additional
timelag correction is usually not necessary for the BHB cases.
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sources in our quiescent AGN sample that belong to Fanaroff—
Riley (FR, Fanaroff & Riley 1974) Type Is, which are
generally radio-loud. One concern is that the FP derived above
(see Equation (6)) may be biased by these sources. To examine
the impact of FR Is, we carry out a Bayesian regression
analysis to a subsample (consist 64 sources) that excludes those
FR Is, and the fitting coefficients are

S i

& =057012 ¢ = —14.0613%8,

13)

This is consistent with the YCOS5 FP, and disagrees with the
MO3 FP.

Another concern is that the FP derived in this work is biased
by the dimmest LLAGN in our sample M3l
(Lx/Lgag ~ 10719), since the deviation to MO03 FP is
insignificant for most of the sources in our sample, see
Figure 2. We argue that this is actually a misunderstanding,
since the radio/X-ray correlation slope can already be
determined statistically by an abundance of other quiescent
AGNs. We demonstrate this by applying the Bayesian analysis
to a subsample that further excludes M31 (63 sources in total).
The correlation coefficients are

€x = 1127055,

E=0611013, ¢ =-12.0113%,

(14)
consistent with the expectation of a YCO05 FP in these systems.

5.3. Comparison with Previous Works

Most of the work in the literature on the fundamental plane
of BH activity is biased toward moderately brighter systems
(e.g., M03; Falcke et al. 2004; Kording et al. 2006; Li
et al. 2008; G09; Fan & Bai 2016; Nisbet & Best 2016), and
thus are irrelevant to this work. In this section, we discuss the
relation of our work to some of the related works published in
recent years, i.e., those that include the quiescent accretion
systems.

5.3.1. BHBs in Their Quiescent States: Gallo et al. (2006, 2014)
and Corbel et al. (2008)

In our work, we exclude from the sample data points of
BHBs in their quiescent states.

Currently, there are three BHBs with reported observations
in both radio and X-rays during their quiescent states, e.g., A
0620-00 (Gallo et al. 2006), V404 Cyg (Corbel et al. 2008),
and XTE J1118+4480 (Gallo et al. 2014). It is claimed that
these sources in their quiescent states follow the extension of
the original & ~ 0.6 FP (Gallo et al. 2006, 2014; Corbel et al.
2008). We argue that the claim of original FP down to
quiescent states in BHBs is not as robust as claimed. The
reasons are as follows (see also Yuan & Narayan 2014; Xie &
Yuan 2016). First, A 0620-00 only has observations in
the quiescent state, but it lacks data in the hard state. Second,
V404 Cyg is still too bright, with Lx ~ 10~7%8 Lgyq, to show
a clear deviation from the original FP.* Finally, the radio
detection of XTE J11184-480 at Lx ~ 1078 Lgyq is admittedly
marginal, at the 30 level.

4 Note that detailed modeling of the quasi-simultaneous multiband (radio up
to X-rays) spectrum of V404 Cyg at such low X-ray luminosity indeed supports
that the X-ray emission at the quiescent state is of jet origin (Xie et al. 2014).

Xie & Yuan

Moreover, we note that since the correlation is established in
a statistical sense. Few individual sources that do not follow the
new correlation cannot be taken to argue against the existence
and correctness of the new relationship. For example, we note
that there also exist some “outliers” of the original correlation,
as we introduce in the Introduction.

5.3.2. Sgr A™ in Quiescent and Flare States

For the AGN sample in the literature, there is one source,
i.e., Sgr A", that deserves special discussion. This source, with
Mgy = 4.30 x 10° My (Genzel et al. 2010), has been included
in most previous studies on FP. However, as emphasized in
Section 2, there are compelling, independent pieces of evidence
against the existence of a jet in Sgr A* during its quiescent state
(e.g., Shen et al. 2005; Doeleman et al. 2008; Li et al. 2014),
i.e., it does not satisfy the “existence of jet” prerequisite in the
study of FP and thus should be excluded from the sample.
During the quiescent state of Sgr A*, the low-frequency radio
emission likely originates from the non-thermal electrons of the
hot accretion flow, while the X-ray emission is the brems-
strahlung radiation by diffuse gas around ~10° R, (see
Baganoff et al. 2003; Yuan et al. 2003; Wang et al. 2013 and
references therein). As shown by the leftmost black asterisk in
Figure 5, we find that, Sgr A™ in its quiescent state agrees with
the MO3 FP (only a coincidence from our point of view), but
disagrees with the new & ~ 1.23 FP because it is more than
three orders of magnitude brighter in Lg at the given Lx (see
also Markoff 2005).

Sgr A* undergoes numerous flares, which are observed in
submillimeter, infrared and X-rays (e.g., Baganoff et al. 2003;
Neilsen et al. 2013 and references therein). These flares usually
last 0.1-1 hr (Yusef-Zadeh et al. 2006; Neilsen et al. 2013),
indicating that they are from nuclear regions of Sgr A*. During
these flares, the luminosities are enhanced by a factor of as
much as ~10% in radio (e.g., at ~20 GHz; e.g., Yusef-Zadeh
et al. 2006; Brinkerink et al. 2015) and ~100 (~400 in extreme
cases) in X-rays (2-10keV, e.g., Baganoff et al. 2003; Neilsen
et al. 2013), compared to the quiescent “non-flare” state. We
note that, interestingly, these radio and X-ray flares are likely
produced from the jet (Yusef-Zadeh et al. 2006; Brinkerink
et al. 2015; Li et al. 2016a). If this is indeed the case, then Sgr
A™ in its flare state should be included in our quiescent AGN
sample, and they are qualified to test the FP of quiescent
AGN:Ss. This is examined in Figures 2 and 5, where the flare
state of Sgr A" is shown by the two black asterisks with
Lg ~ 10313 ergs™! (10% that of the quiescent state) and
Ly ~ 10°>3 and ~10%% ergs~! (100 and 400 times that of
the quiescent state), respectively. Here we only take the
enhanced luminosities (compared to the “non-flare” quiescent
state) into account, i.e., only these components are of jet origin.
Consistent with our expectation, we find that Sgr A* in its flare
state agrees nicely with the steep YCO5 FP (see Equation (6)
and Figure 2), but disagrees with the original M03 FP
(see Figure 5).

5.3.3. Yuan et al. (2009, YYH09)

YYHO09 was the first to discover, from observational data,
the existence of a new FP, with £ ~ 1.22, in good agreement
with the theoretical prediction by YCO0S. During their sample
compilation, YYHO09 excluded data from normal LLAGNSs, and
only included data from quiescent AGNs. Besides, Sgr A™ is
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Figure 5. Observational data of the combined sample plot against the M03 FP (left panel, the gray long-dashed curve) and the {x = 1.23 YCO5 FP derived in this
work (right panel, the red solid curve). Here the whole sample includes both the quiescent AGNs of this work and also the normal LLAGNSs (28 sources from DW15
as representatives; red open triangles). In both panels, symbols and curves are of the same meaning as those in Figure 2, with one modification, i.e., the quiescent
sources shared by both XY and DW15 are now shown as gray filled squares. In addition, the gray dashed curve shows a joint fitting to this combined sample in both
panels, where the black hole mass is fixed to 103 Mg. In both panels, the green open squares are the 10 Mpy-selected MO3 AGNSs, see Figure 4, and they are taken as

representative of brighter AGNs.

also excluded from their sample for reasons listed above. Our
work is a natural extension of YYH09. The main improvement
to YYHO9 is the sample size, which is enlarged from 22 to 75.
Besides, the radio emission of several sources, e.g., M31
(Bender et al. 2005; Garcia et al. 2010, Ly ~ 107192 Lg44) and
M32 (Yang et al. 2015b), is now firmly detected, while in
YYHOO their radio emission only has an upper-limit constraint.
The main conclusion remains unchanged, i.e., our enlarged
sample confirms the discovery of YYHO09.

5.3.4. Dong & Wu (2015, DW15)

DWI15 recently selected from the (nearly) complete flux-
limited Polmar survey a sample of 72 AGNs, and combined
them with a large sample of observational data points of BHBs,
to investigate the FP jointedly from sub-Eddington to quiescent
systems. They claim that those with Lx < Ly crie (24 AGNs
under a detailed definition of Ly ;) seem to follow the original
MO3 FP, which disagrees with this work (and YYHO9 also).

There are two main reasons for such discrepancy. First,
notable differences between their sample and ours are
observed. Their sample includes the BHBs in their hard and
quiescent states, and also Sgr A™ in the quiescent state.
Moreover, because their AGN sample is limited to data from
the Polmar survey, the quiescent AGN subsample of DW15
lacks a sufficient number of sources whose X-ray Eddington
ratios are sufficiently low. For the Ly /Lggq < 1078 regime,
there are only three sources in their sample (except Sgr A™),
while there are 17 sources in our sample. Several notable faint
sources are missed, e.g., M31 (Bender et al. 2005; Garcia et al.
2010, Lx ~ 107192 Lgy4q) and NGC 3115 (Wrobel & Nyland
2012; Wong et al. 2014, Ly < 107%3 Lgyqg). These faintest
sources, with possibly the largest deviation from the original
FP, are of crucial importance to reveal the new trend. second,
they mainly provide a joint fitting of both normal LLAGNs and
quiescent AGNs”, while we focus on the quiescent AGNs only

5> We note that, since their quiescent subsample also includes data points from
BHBs and Sgr A*, a fitting of such a subsample, as shown in the bottom-right
panel of Figure 1 in DW15, will be misleading also. Indeed, as shown in their
Figure 2, the subsample of quiescent AGNs with similar BH mass do hint at a
much steeper radio/X-ray relationship.

here. As illustrated below in Section 5.4, we argue that the
small number of quiescent sources in their sample and a joint
fitting are the reasons for the discrepancy between their result
and ours.

5.4. Disadvantages of a Joint Fitting of both Normal LLAGNs
and Quiescent AGNs

We discuss here the disadvantages of a joint fitting of a
sample that includes both normal LLAGNs and quiescent
AGNSs, especially when the steeper correlation is statistically
insignificant because the sample lacks a sufficient number of
the dimmest sources. For this purpose, we consider a combined
AGN sample, including not only the quiescent AGNs of this
work (hereby named the XY sample) but also 28 normal
LLAGNSs of DW15 (red open triangles in Figure 5; note that,
except for Sgr A*, the rest of the 44 AGNs are selected into the
XY sample). We note that it has been known for years that
some sources do not follow the original M03 FP (e.g., Li
et al. 2008; de Gasperin et al. 2011 for AGNs, and Coriat
et al. 2011 for BHBs; see the Introduction). Consequently, the
exact values of the fitting depend on both sample selection and
statistical methods, as noted in Kording et al. (2006) and
demonstrated in Section 4.

We analyze the combined sample through the Bayesian
approach. The correlation indexes now read as

€x = 0.8770:04,

Ey= 1297002, ¢ =805,

15)

Note that the value of & is between the result of DW15 and the
present work shown in Section 4. This indicates that the value
of & is somewhat sensitive to the fraction of quiescent sources
included in the sample, a larger fraction of quiescent ones will
make its value larger and the radio/X-ray correlation slope
steeper. This is consistent with our expectation.

Now we perform the statistical analysis another way. We fix
the value of & and test two-parameter fittings of the combined
sample. We find that both the & ~ 0.6 (M03-like) correlation
and the & ~ 1.23 (YCO5-like) correlation could provide
almost equally good (or bad) fits to the combined sample,
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i.e., both of which lead to relatively similar reduced x? values.
Consequently, it is difficult to judge from a statistical instead of
a physical point of view which fitting is better.

Figure 5 shows the data points of the combined sample
plotted against the MO3 FP (left panel; see M03) and the YCO5
FP (right panel; see Equation (6)). For clarity, the quiescent
sources shared by both XY and DW15 are now shown as gray
filled squares. For comparison, we show in the two panels the
fitting of this combined sample (Equation (15)) as a gray
dashed curve, where Mgy is set to 1033 Mg. Based on the
above fitting results, as well as the direct comparison between
the two panels, we can understand the reason for the
discrepancy between this work (and other similar ones) and
DWI15 (and other similar ones). The first reason has been
pointed out already below Equation (15), i.e., the correlation
index will be determined by the fraction of quiescent sources
(or equivalently normal sources) whose Ly are far away from
Lx it included in the sample. The second reason is that, as
shown in Figure 5, because the Iluminosity scales as
Lrx < Lr x/Lpaa X Mgy and the differences in
Mgy are sufficiently large (by ~3 orders of magnitude) in
both quiescent and normal low-luminosity AGNs, the quiescent
sources will mix with those normal ones in Lx and Lg.
Consequently, quiescent sources that are not dim enough (in
Lx /Lgaq) will only contribute to the scatter of the original M03
FP, and the YCO5 FP will be obscured.

We argue that since the YCOS prediction is based on the
difference in Lx/Lggq rather than Ly, the correct way to
examine this prediction is to investigate the sample only
consisting of sources with Ly /Lggq < 1076, This is also more
physical since the underlying physics is determined by Lx /Lggq
instead of Lx. A Mpgy-free subsample (see Section 4.2) will
help to solve this problem. Indeed, from the Mpy-selected
sample, the quiescent AGNs do follow a radio/X-ray
correlation that is much steeper compared to that followed by
those normal (LL)AGNs. This result is clearly shown in
Figure 4.

Based on this consideration, we propose that a better way
to analyze the correlation is to replace Lg and Lx with
LR /Lgaq and Ly /Lgqq, and investigate the FP under a revised
three-dimensional (log(Lg /Lgdq), 10g(Lx/Lgaq), log(Mpn))
space. One notable advantage of this new space is that,
objects with different Eddington ratios will be separated
automatically. For a demonstration of this advantage, we
show in Figure 6 the Lg/Lgqa—Lx/Lgaa relationship of the
combined sample, with an additional 10 Mpgy-selected M03
AGNs. From this plot, we can see clearly that the correlation
slope above and below Ly /Lggq ~ 107¢ is different. The
quiescent sources do follow a steeper radio/X-ray correlation
compared to that of normal LLAGNSs, in agreement with
YCO5 and our finding in the present paper. This new
parameter space will be very helpful to the investigation of
FP at different luminosity regimes (in Eddington unit), where
a change in the FP may be observed, as a consequence of the
change in accretion mode at that luminosity regime (e.g., Xie
& Yuan 2012, 2016; Yuan & Narayan 2014; Yang et al.
2015a).

As a preliminary test, we consider our whole quiescent AGN
sample (the XY sample). The scatter of each quantity is fixed to
0.3dex, for the sake of simplicity. Under the Bayesian
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Figure 6. Lg/Lpaa—Lx/Lgqa relationship of the combined sample. The
meaning of the symbols is the same as that in Figure 5. The solid and the
dashed curves represent, respectively, the YCO5 FP (see Equation (6)) and the
original M03 FP, where the black hole mass is fixed to 108> Mg,

approach we find that

log (LR /Lgaa) = 1297004 log(Lx /Leaa)
+ 0.89F04 logMpy — 7.61708. (16)

The scatter in Ly /Lggq is 0.82 dex. This result can be re-written
as LR XX LXI'29M§£0.

5.5. The Distribution of the Radio-loudness Parameter Rx
versus the Eddington Ratio in Faint AGNs
with Lx /Lggq S 10-¢

It is widely known that LLAGNs tend to be radio-loud
systematically, and the radio-loudness parameter, defined as
Ry = Ly /Ly, scales inversely with Eddington ratios Ly /Lgqq
(among others, see, e.g., Ho 2008; Nyland et al. 2016), where
Ly s the bolometric luminosity. We note that the FP can be
re-written as, Ry o L§X_l. If Ly scales positively with Ly
(which is likely a reasonable assumption), then the YCOS5 FP,
with & ~ 1.23 > 1, predicts that quiescent AGNs follow a
positive Ry — Ly /Lggq relationship, opposite to those normal
LLAGNsS.

Figure 7 illustrates the distribution of the radio-loudness
parameter Ry versus Eddington ratios for both quiescent AGNs
and normal LLAGNSs. For normal LLAGNs, we take those
from DWI15 as representatives. Following Ho (2008), we
estimate the bolometric luminosity simply from the X-ray
luminosity, i.e., Ly, = 16 Lx. Note that those black open
circles are sources whose Ly and Ly are upper-limit constraints,
i.e., their Ry is actually unconstrained. The black solid and
long-dashed curves, respectively, show the results derived from
the YCOS FP and the original M0O3 FP, where the BH mass is
fixed to 108> Mg. From this figure, the possible turnover at
the Eddington ratio Lo /Lgag = 10~ (or equivalently
Lx /Lggq = 10~7%3; see also Yang et al. 2015a for this value,
as constrained by the X-ray spectral properties in AGNs and
BHBs) is admittedly less evident. More observations of
quiescent AGNs with Ly /Lggg < 1078 (or Eddington ratio
Lol /Lgga < 1077) are urged to examine this new trend in the
future.
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Figure 7. Distribution of the radio-loudness parameter Rx vs. the Eddington

ratio Ly /Lgdq, Where the bolometric luminosity is estimated as Ly, = 16 Lx.

The meaning of the symbols is the same as that in Figure 5. Note that those
black open circles are sources whose Lx and Ly are upper-limit constraints, i.e.,
their Ry is actually unconstrained. The solid and the dashed curves represent,
respectively, the YCO5 FP (see Equation (6)) and the original MO3 FP, where
the black hole mass is fixed to 105> Mg,

6. Summary

The fundamental plane provides a direct evidence on the
disk—jet connection (e.g., M03; Falcke et al. 2004; Merloni
et al. 2006; YYHO09). One remaining question under active
debate is whether or not those very faint accretion systems (i.e.,
Lx /Lgqq below a critical value ~107°) follow the original M03
FP or the steeper (in sense of the radio/X-ray correlation slope)
YCO5 relationship. Many works favor the YCO5 FP (e.g.,
Pellegrini et al. 2007; Wu et al. 2007; Wrobel et al.
2008; YYHO09; de Gasperin et al. 2011; Younes et al. 2012;
Reynolds et al. 2014), while several others favor a universal FP
extending down to quiescent/faint systems (Gallo et al.
2006, 2014; Corbel et al. 2008; DW15). In this work, we
re-visit this problem. For this aim, the quality of the data
(mainly the radio data) of BHBs is not satisfactory, thus the
conclusion based on that is not convincing, as we argue in
Section 5.3.1. Therefore, we focus on quiescent AGNs, paying
special attention to the radio/X-ray correlation slope &.
Compared to previous studies, in our work, we gather from
the literature as many faint AGNs as possible, thus our sample
is the largest to date, with five sources fainter than 10 %Lggq in
X-rays (Figure 1). As we show in the paper, these faint sources
are crucial to discriminate different correlations. Our main
results are summarized as follows.

1. Based on our quiescent AGN sample, we find that
quiescent AGNs follow a steeper FP compared to M03
FP. The radio/X-ray correlation slope & ~ 1.23, in good
consistency with the prediction of YCOS5 (Figure 2).

2. To further focus on the radio/X-ray correlation but
eliminate any possible contamination of the BH mass, we
create a subsample in which the BH mass is similar. For
such a Mgy-free subsample, we find that the value of
¢ =~ 1.36 (Figure 4).

3. We have further explored the reasons for the discrepancy
between the present result and some previous ones. We
find that, for the combined AGN sample, which includes
sources of both Ly /Lgqg < 107° and Lyx /Lggq = 1075,
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the value of & is ~0.87 (Equation (15)), which is
between 0.6 and ~1.2-1.3. It is expected that the exact
value of &, in general, will be determined by the fraction
of quiescent (or equivalently normal) sources in the
sample. Put another way, we find that the & ~ 0.6
correlation and the & ~ 1.23 correlation provide almost
equally good (or bad) fits to the combined sample, and it
is difficult to judge from a statistical instead of a physical
point of view which fitting is better. We thus argue that
this approach is not the best way to examine the
correlation at the quiescent regime. In the traditional
approach, unless the quiescent sources are extremely faint
(in Ly /Lgaq), we cannot separate them from normal ones,
since they are mixed up within Ly and Lg due to the large
range in BH mass. Consequently, quiescent sources will
only contribute to the scatter of the original FP (the left
panel of Figure 5).

4. Given the above reasons, we propose that a better way to
investigate the fundamental plane is to use a revised
three-dimensional space spanned by log(Lg/Lgdq),
log(Lx /Lgq4q), and log(Mpy). Physically, parameters
Ly /Lgqa and Ly /Lggqa have more direct connections to
the accretion/jet physics. One notable advantage of this
new space is that objects with different Eddington ratios
(which may thus relate to different accretion regimes) are
separated automatically. As shown in the Figures 4 and 6,
there is clearly a “break” in the Lg/Lgqa — Lx/Lgad
correlation at a critical luminosity Ly /Lggq ~ 1076,
below which the correlation is steeper, consistent with
YCO05 and YYHO9.

We thank Drs. Qingwen Wu and Ai-Jun Dong for helpful
discussions and comments, and the referee for valuable
suggestions that improved our analysis. F.G.X. thanks Drs.
Zhaoming Gan, Doosoon Yoon, and Zhen Yan for the help on
Python, and Drs. Zhao-Zhou Li and Shi-Yin Shen for the help
on Bayesian regression analysis. F.G.X. and F.Y. are supported
in part by the National Program on Key Research and
Development Project of China (grant Nos. 2016 YFA0400804
and 2016YFA0400704), the Youth Innovation Promotion
Association of Chinese Academy of Sciences (CAS) (id.
2016243), the Natural Science Foundation of Shanghai (grant
17ZR1435800), the Natural Science Foundation of China
(grants 11573051 and 11633006), the Key Research Program
of Frontier Sciences of CAS (No. QYZDJ-SSW-SYS008). This
work has made extensive use of the NASA /TIPAC Extragalactic
Database (NED), which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under contract
with the National Aeronautics and Space Administra-
tion (NASA).

References

Akylas, A., & Georgantopoulos, 1. 2009, A&A, 500, 999

Baganoff, F. K., Maeda, Y., Morris, M., et al. 2003, ApJ, 591, 891

Bell, M. E., Tzioumis, T., Uttley, P., et al. 2011, MNRAS, 411, 402

Bender, R., Kormendy, J., Bower, G., et al. 2005, ApJ, 631, 280

Blandford, R. D., & Znajek, R. L. 1977, MNRAS, 179, 433

Brinkerink, C. D., Falcke, H., Law, C. J., et al. 2015, A&A, 576, 41

Brown, M. J. L, Jannuzi, B. T., Floyd, D. J. E., & Mould, J. R. 2011, ApJL,
731, L41

Cao, X. 2016, ApJ, 833, 30

Corbel, S., Coriat, M., Brocksopp, C., et al. 2013, MNRAS, 428, 2500

Corbel, S., Koerding, E., & Kaaret, P. 2008, MNRAS, 389, 1697


https://doi.org/10.1051/0004-6361/200811371
http://adsabs.harvard.edu/abs/2009A&amp;A...500..999A
https://doi.org/10.1086/375145
http://adsabs.harvard.edu/abs/2003ApJ...591..891B
https://doi.org/10.1111/j.1365-2966.2010.17692.x
http://adsabs.harvard.edu/abs/2011MNRAS.411..402B
https://doi.org/10.1086/432434
http://adsabs.harvard.edu/abs/2005ApJ...631..280B
https://doi.org/10.1093/mnras/179.3.433
http://adsabs.harvard.edu/abs/1977MNRAS.179..433B
https://doi.org/10.1051/0004-6361/201424783
http://adsabs.harvard.edu/abs/2015A&amp;A...576A..41B
https://doi.org/10.1088/2041-8205/731/2/L41
http://adsabs.harvard.edu/abs/2011ApJ...731L..41B
http://adsabs.harvard.edu/abs/2011ApJ...731L..41B
https://doi.org/10.3847/1538-4357/833/1/30
http://adsabs.harvard.edu/abs/2016ApJ...833...30C
https://doi.org/10.1093/mnras/sts215
http://adsabs.harvard.edu/abs/2013MNRAS.428.2500C
https://doi.org/10.1111/j.1365-2966.2008.13542.x
http://adsabs.harvard.edu/abs/2008MNRAS.389.1697C

THE ASTROPHYSICAL JOURNAL, 836:104 (11pp), 2017 February 10

Corbel, S., Nowak, M. A., Fender, R. P., Tzioumis, A. K., & Markoff, S. 2003,
A&A, 400, 1007

Coriat, M., Corbel, S., Prat, L., et al. 2011, MNRAS, 414, 677

de Gasperin, F., Merloni, A., Sell, P., et al. 2011, MNRAS, 415, 2910

Devereux, N., Ford, H., Tsvetanov, Z., & Jacoby, G. 2003, AJ, 125, 1226

Doeleman, S. S., Weintroub, J., Rogers, A. E. E., et al. 2008, Natur, 455, 78

Dong, A. J., & Wu, Q. 2015, MNRAS, 453, 3447 (DW15)

Dong, A.-J., Wu, Q., & Cao, X.-W. 2014, ApJ, 787, 20

Emmanoulopoulos, D., Papadakis, I. E., Dov¢iak, M., & McHardy, I. M. 2014,
MNRAS, 439, 3931

Fabian, A. C., Zoghbi, A., Ross, R. R., et al. 2009, Natur, 459, 540

Falcke, H., Kording, E., & Markoff, S. 2004, A&A, 414, 895

Fan, X. L., & Bai, J. M. 2016, ApJ, 818, 185

Fanaroff, B. L., & Riley, J. M. 1974, MNRAS, 167, 31

Fasano, G., & Vio, R. 1988, Nsl. WG Modern Astron. Meth., 7, 2

Fender, R. P., Gallo, E., & Jonker, P. G. 2003, MNRAS, 343, 99

Filho, M., Fraternali, F., Markoff, S., et al. 2004, A&A, 418, 429

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
2013, 306

Gallo, E., Fender, R. P., & Pooley, G. G. 2003, MNRAS, 344, 60

Gallo, E., Miller, B. P., & Fender, R. P. 2012, MNRAS, 423, 590

Gallo, E., Fender, R. P., Miller-Jones, J. C. A., et al. 2006, MNRAS, 370, 1351

Gallo, E., Miller-Jones, J. C. A., Russell, D. M, et al. 2014, MNRAS, 445, 290

Garcia, M. R., Hextall, R., Baganoff, F. K., et al. 2010, ApJ, 710, 755

Gardner, E., & Done, C. 2013, MNRAS, 434, 3454

Gentile, G., Rodriguez, C., Taylor, G. B., et al. 2007, ApJ, 659, 225

Genzel, R., Eisenhauer, F., & Gillessen, S. 2010, RvMP, 82, 3121

Goodman, J., & Weare, J. 2010, Comm. App. Math. and Comp. Sci., 5, 65

Grier, C. J., Mathur, S., Ghosh, H., & Ferrarese, L. 2011, ApJ, 731, 60

Giiltekin, K., Cackett, E. M., Miller, J. M., et al. 2009, ApJ, 706, 404 (G09)

Hardcastle, M. J., Evans, D. A., & Croston, J. H. 2009, MNRAS, 396, 1929

Heinz, S. 2004, MNRAS, 355, 835

Heinz, S., & Sunyaev, R. A. 2003, MNRAS, 343, L59

Ho, L. C. 2002, ApJ, 564, 120

Ho, L. C. 2008, ARA&A, 46, 475

Ho, L. C. 2009, ApJ, 699, 626

Ho, L. C., Greene, J. E., Filippenko, A. V., & Sargent, W. L. W. 2009, ApJS,
183, 1

Ho, L. C., & Peng, C. Y. 2001, ApJ, 555, 650

Ho, L. C., & Ulvestad, J. S. 2001, ApJS, 133, 77

Kelly, B. C. 2007, ApJ, 665, 1489

King, A. L., Miller, J. M., Bietenholz, M., et al. 2016, NatPh, 12, 772

King, A. L., Miller, J. M., Reynolds, M. T., et al. 2013, ApJL, 774, L25

Kording, E., Falcke, H., & Corbel, S. 2006, A&A, 456, 439

Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511

Laurent-Muehleisen, S. A., Kollgaard, R. L., Ryan, P. J., et al. 1997, A&AS,
122, 235

Li, Y. P, Yuan, F., & Wang, Q. D. 2014, ApJ, 798, 22

Li, Y. P, Yuan, F., & Wang, Q. D. 2016a, MNRAS, submitted (arXiv:1611.
02904)

Li, Y. P, Yuan, F., & Xie, F. G. 2016b, ApJ, 830, 78

Li, Z. Y., Wu, X. B., & Wang, R. 2008, ApJ, 688, 826

Liu, X., Han, Z., & Zhang, Z. 2016, Ap&SS, 361, 9

Markoff, S. 2005, ApJL, 618, L103

Markwardt, C. B. 2009, in ASP Conf. Ser. 411, Astronomical Data Analysis
Software and Systems XVIII, ed. D. A. Bohlender, D. Durand, & P. Dowler
(San Francisco, CA: ASP),251

Merloni, A., Heinz, S., & di Matteo, T. 2003, MNRAS, 345, 1057 (M03)

Merloni, A., Kording, E., Heinz, S., et al. 2006, NewA, 11, 567

Miller, B., Gallo, E., Treu, T., & Woo, J. H. 2012a, ApJ, 747, 57

Miller, J. M., Nowak, M., Marko, S., Rupen, M. P., & Maitra, D. 2010, ApJ,
720, 1033

11

Xie & Yuan

Miller, J. M., Pooley, G. G., Fabian, A. C., et al. 2012b, ApJ, 757, 11

Miller, J. M., Reynolds, C. S., Fabian, A. C., Miniutti, G., & Gallo, L. C. 2009,
ApJ, 697, 900

Nagar, N. M., Falcke, H., & Wilson, A. S. 2005, A&A, 435, 521

Nagar, N. M., Falcke, H., Wilson, A. S., & Ulvestad, J. S. 2002, A&A, 392,
53

Nagar, N. M., Wilson, A. S., & Falcke, H. 2001, ApJL, 559, L87

Narayan, R., & McClintock, J. E. 2012, MNRAS, 419, 69

Neilsen, J., Nowak, M. A., Gammie, C., et al. 2013, ApJ, 774, 42

Nisbet, D. M., & Best, P. N. 2016, MNRAS, 455, 2551

Nyland, K., Young, L. M., Wrobel, J. M., et al. 2016, MNRAS, 458, 2221

Panessa, F., Barcons, X., Bassani, L., et al. 2007, A&A, 467, 519

Panessa, F., Tarchi, A., Castangia, P., et al. 2015, MNRAS, 447, 1289

Pellegrini, S. 2010, ApJ, 717, 640

Pellegrini, S., Siemiginowska, A., Fabbiano, G., et al. 2007, ApJ, 667, 749

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, 13

Plotkin, R. M., Gallo, E., & Jonker, P. G. 2013, ApJ, 773, 59

Plotkin, R. M., Markoff, S., Kelly, B. C., Kording, E., & Anderson, S. F. 2012,
MNRAS, 419, 267

Pszota, G., Zhang, H., Yuan, F., & Cui, W. 2008, MNRAS, 389, 423

Qiao, E., & Liu, B. F. 2015, MNRAS, 448, 1099

Reynolds, M. T., Reis, R. C., Miller, J. M., Cackett, E. M., & Degenaar, N.
2014, MNRAS, 441, 3656

Shen, Z.-Q., Lo, K. Y., Liang, M.-C., Ho, P. T. P., & Zhao, J.-H. 2005, Natur,
438, 62

Sikora, M., Stawarz, L., & Lasota, J.-P. 2007, ApJ, 658, 815

Terashima, Y., & Wilson, A. S. 2003, ApJ, 583, 145

Terlouw, J. P., & Vogelaar, M. G. R. 2012, Kapteyn Package (Groningen:
Kapteyn Astronomical Institute) version 2.3, Available from http://www.
astro.rug.nl/software/kapteyn/

Tully, R. B., Courtois, H. M., Dolphin, A. E., et al. 2013, AJ, 146, 86

van den Bosch, R. C. E., & de Zeeuw, P. T. 2010, MNRAS, 401, 1770

VanderPlas, J. 2014, Frequentism and Bayesianism. Fivepart series (I-V) on
Pythonic ~ Perambulations,  http://jakevdp.github.io/.  See  also
arXiv:1411.5018

van Velzen, S., & Falcke, H. 2013, A&A, 557, L7

Walsh, J. L., Barth, A. J., Ho, L. C., & Sarzi, M. 2013, ApJ, 770, 86

Wang, Q. D., Nowak, M. A., Markoff, S. B., et al. 2013, Sci, 341, 981

Wang, R., Wu, X.-B., & Kong, M.-Z. 2006, ApJ, 645, 890

Wong, K. K., Irwin, J. A., Shcherbakov, R. V., et al. 2014, ApJ, 780, 9

Wrobel, J. M., & Nyland, K. 2012, AJ, 144, 160

Wrobel, J. M., Terashima, Y., & Ho, L. C. 2008, ApJ, 675, 1041

Wu, Q., Cao, X., Ho, L. C., & Wang, D. X. 2013, ApJ, 770, 31

Wu, Q., Cao, X., & Wang, D.-X. 2011, ApJ, 735, 50

Wu, Q., Yuan, F., & Cao, X. 2007, ApJ, 669, 96

Xie, F. G., Yang, Q. X., & Ma, R. 2014, MNRAS, 442, L11

Xie, F. G., & Yuan, F. 2012, MNRAS, 427, 1580

Xie, F. G., & Yuan, F. 2016, MNRAS, 456, 4377

Xie, F. G., Zdziarski, A. A., Ma, R., & Yang, Q. X. 2016, MNRAS, 463,
2287

Xue, Y., & Cui, W. 2007, A&A, 466, 1053

Yang, Q. X., Xie, F. G, Yuan, F., et al. 2015a, MNRAS, 447, 1692

Yang, Y., Li, Z., Sjouwerman, L. O., et al. 2015b, ApJL, 807, L19

Younes, G., Porquet, D., Sabra, B., Reeves, J. N., & Grosso, N. 2012, A&A,
539, 104

Yuan, F., & Cui, W. 2005, ApJ, 629, 408 (YCO5)

Yuan, F., Cui, W., & Narayan, R. 2005, ApJ, 620, 905

Yuan, F., & Narayan, R. 2014, ARA&A, 52, 529

Yuan, F., Quataert, E., & Narayan, R. 2003, ApJ, 598, 301

Yuan, F., Yu, Z., & Ho, L. C. 2009, ApJ, 703, 1034 (YYHO09)

Yusef-Zadeh, F., Roberts, D., Wardle, M., Heinke, C. O., & Bower, G. C.
2006, ApJ, 650, 189


https://doi.org/10.1051/0004-6361:20030090
http://adsabs.harvard.edu/abs/2003A&amp;A...400.1007C
https://doi.org/10.1111/j.1365-2966.2011.18433.x
http://adsabs.harvard.edu/abs/2011MNRAS.414..677C
https://doi.org/10.1111/j.1365-2966.2011.18904.x
http://adsabs.harvard.edu/abs/2011MNRAS.415.2910D
https://doi.org/10.1086/367595
http://adsabs.harvard.edu/abs/2003AJ....125.1226D
https://doi.org/10.1038/nature07245
http://adsabs.harvard.edu/abs/2008Natur.455...78D
https://doi.org/10.1093/mnras/stv1801
http://adsabs.harvard.edu/abs/2015MNRAS.453.3447D
https://doi.org/10.1088/2041-8205/787/2/L20
http://adsabs.harvard.edu/abs/2014ApJ...787L..20D
https://doi.org/10.1093/mnras/stu249
http://adsabs.harvard.edu/abs/2014MNRAS.439.3931E
https://doi.org/10.1038/nature08007
http://adsabs.harvard.edu/abs/2009Natur.459..540F
https://doi.org/10.1051/0004-6361:20031683
http://adsabs.harvard.edu/abs/2004A&amp;A...414..895F
https://doi.org/10.3847/0004-637X/818/2/185
http://adsabs.harvard.edu/abs/2016ApJ...818..185F
https://doi.org/10.1093/mnras/167.1.31P
http://adsabs.harvard.edu/abs/1974MNRAS.167P..31F
https://doi.org/10.1046/j.1365-8711.2003.06950.x
http://adsabs.harvard.edu/abs/2003MNRAS.343L..99F
https://doi.org/10.1051/0004-6361:20034486
http://adsabs.harvard.edu/abs/2004A&amp;A...418..429F
https://doi.org/10.1086/670067
http://adsabs.harvard.edu/abs/2013PASP..125..306F
http://adsabs.harvard.edu/abs/2013PASP..125..306F
https://doi.org/10.1046/j.1365-8711.2003.06791.x
http://adsabs.harvard.edu/abs/2003MNRAS.344...60G
https://doi.org/10.1111/j.1365-2966.2012.20899.x
http://adsabs.harvard.edu/abs/2012MNRAS.423..590G
https://doi.org/10.1111/j.1365-2966.2006.10560.x
http://adsabs.harvard.edu/abs/2006MNRAS.370.1351G
https://doi.org/10.1093/mnras/stu1599
http://adsabs.harvard.edu/abs/2014MNRAS.445..290G
https://doi.org/10.1088/0004-637X/710/1/755
http://adsabs.harvard.edu/abs/2010ApJ...710..755G
https://doi.org/10.1093/mnras/stt1257
http://adsabs.harvard.edu/abs/2013MNRAS.434.3454G
https://doi.org/10.1086/512479
http://adsabs.harvard.edu/abs/2007ApJ...659..225G
https://doi.org/10.1103/RevModPhys.82.3121
http://adsabs.harvard.edu/abs/2010RvMP...82.3121G
https://doi.org/10.2140/camcos.2010.5.65
https://doi.org/10.1088/0004-637X/731/1/60
http://adsabs.harvard.edu/abs/2011ApJ...731...60G
https://doi.org/10.1088/0004-637X/706/1/404
http://adsabs.harvard.edu/abs/2009ApJ...706..404G
https://doi.org/10.1111/j.1365-2966.2009.14887.x
http://adsabs.harvard.edu/abs/2009MNRAS.396.1929H
https://doi.org/10.1111/j.1365-2966.2004.08361.x
http://adsabs.harvard.edu/abs/2004MNRAS.355..835H
https://doi.org/10.1046/j.1365-8711.2003.06918.x
http://adsabs.harvard.edu/abs/2003MNRAS.343L..59H
https://doi.org/10.1086/324399
http://adsabs.harvard.edu/abs/2002ApJ...564..120H
https://doi.org/10.1146/annurev.astro.45.051806.110546
http://adsabs.harvard.edu/abs/2008ARA&amp;A..46..475H
https://doi.org/10.1088/0004-637X/699/1/626
http://adsabs.harvard.edu/abs/2009ApJ...699..626H
https://doi.org/10.1088/0067-0049/183/1/1
http://adsabs.harvard.edu/abs/2009ApJS..183....1H
http://adsabs.harvard.edu/abs/2009ApJS..183....1H
https://doi.org/10.1086/321524
http://adsabs.harvard.edu/abs/2001ApJ...555..650H
https://doi.org/10.1086/319185
http://adsabs.harvard.edu/abs/2001ApJS..133...77H
https://doi.org/10.1086/519947
http://adsabs.harvard.edu/abs/2007ApJ...665.1489K
http://adsabs.harvard.edu/abs/2016NatPh..12..772K
https://doi.org/10.1088/2041-8205/774/2/L25
http://adsabs.harvard.edu/abs/2013ApJ...774L..25K
https://doi.org/10.1051/0004-6361:20054144
http://adsabs.harvard.edu/abs/2006A&amp;A...456..439K
https://doi.org/10.1146/annurev-astro-082708-101811
http://adsabs.harvard.edu/abs/2013ARA&amp;A..51..511K
http://adsabs.harvard.edu/abs/1997A&amp;AS..122..235L
http://adsabs.harvard.edu/abs/1997A&amp;AS..122..235L
https://doi.org/10.1088/0004-637X/798/1/22
http://adsabs.harvard.edu/abs/2015ApJ...798...22L
http://arxiv.org/abs/1611.02904
http://arxiv.org/abs/1611.02904
https://doi.org/10.3847/0004-637X/830/2/78
http://adsabs.harvard.edu/abs/2016ApJ...830...78L
https://doi.org/10.1086/592314
http://adsabs.harvard.edu/abs/2008ApJ...688..826L
https://doi.org/10.1007/s10509-015-2601-3
http://adsabs.harvard.edu/abs/2016Ap&amp;SS.361....9L
https://doi.org/10.1086/427841
http://adsabs.harvard.edu/abs/2005ApJ...618L.103M
http://adsabs.harvard.edu/abs/2009ASPC..411..251M
https://doi.org/10.1046/j.1365-2966.2003.07017.x
http://adsabs.harvard.edu/abs/2003MNRAS.345.1057M
https://doi.org/10.1016/j.newast.2006.03.002
http://adsabs.harvard.edu/abs/2006NewA...11..567M
https://doi.org/10.1088/0004-637X/747/1/57
http://adsabs.harvard.edu/abs/2012ApJ...747...57M
https://doi.org/10.1088/0004-637X/720/2/1033
http://adsabs.harvard.edu/abs/2010ApJ...720.1033M
http://adsabs.harvard.edu/abs/2010ApJ...720.1033M
https://doi.org/10.1088/0004-637X/757/1/11
http://adsabs.harvard.edu/abs/2012ApJ...757...11M
https://doi.org/10.1088/0004-637X/697/1/900
http://adsabs.harvard.edu/abs/2009ApJ...697..900M
https://doi.org/10.1051/0004-6361:20042277
http://adsabs.harvard.edu/abs/2005A&amp;A...435..521N
https://doi.org/10.1051/0004-6361:20020874
http://adsabs.harvard.edu/abs/2002A&amp;A...392...53N
http://adsabs.harvard.edu/abs/2002A&amp;A...392...53N
https://doi.org/10.1086/323938
http://adsabs.harvard.edu/abs/2001ApJ...559L..87N
https://doi.org/10.1111/j.1745-3933.2011.01181.x
http://adsabs.harvard.edu/abs/2012MNRAS.419L..69N
https://doi.org/10.1088/0004-637X/774/1/42
http://adsabs.harvard.edu/abs/2013ApJ...774...42N
https://doi.org/10.1093/mnras/stv2450
http://adsabs.harvard.edu/abs/2016MNRAS.455.2551N
https://doi.org/10.1093/mnras/stw391
http://adsabs.harvard.edu/abs/2016MNRAS.458.2221N
https://doi.org/10.1051/0004-6361:20066943
http://adsabs.harvard.edu/abs/2007A&amp;A...467..519P
https://doi.org/10.1093/mnras/stu2455
http://adsabs.harvard.edu/abs/2015MNRAS.447.1289P
https://doi.org/10.1088/0004-637X/717/2/640
http://adsabs.harvard.edu/abs/2010ApJ...717..640P
https://doi.org/10.1086/520711
http://adsabs.harvard.edu/abs/2007ApJ...667..749P
https://doi.org/10.1051/0004-6361/201525830
http://adsabs.harvard.edu/abs/2016A&amp;A...594A..13P
https://doi.org/10.1088/0004-637X/773/1/59
http://adsabs.harvard.edu/abs/2013ApJ...773...59P
https://doi.org/10.1111/j.1365-2966.2011.19689.x
http://adsabs.harvard.edu/abs/2012MNRAS.419..267P
https://doi.org/10.1111/j.1365-2966.2008.13587.x
http://adsabs.harvard.edu/abs/2008MNRAS.389..423P
https://doi.org/10.1093/mnras/stv085
http://adsabs.harvard.edu/abs/2015MNRAS.448.1099Q
https://doi.org/10.1093/mnras/stu832
http://adsabs.harvard.edu/abs/2014MNRAS.441.3656R
https://doi.org/10.1038/nature04205
http://adsabs.harvard.edu/abs/2005Natur.438...62S
http://adsabs.harvard.edu/abs/2005Natur.438...62S
https://doi.org/10.1086/511972
http://adsabs.harvard.edu/abs/2007ApJ...658..815S
https://doi.org/10.1086/345339
http://adsabs.harvard.edu/abs/2003ApJ...583..145T
http://www.astro.rug.nl/software/kapteyn/
http://www.astro.rug.nl/software/kapteyn/
https://doi.org/10.1088/0004-6256/146/4/86
http://adsabs.harvard.edu/abs/2013AJ....146...86T
https://doi.org/10.1111/j.1365-2966.2009.15832.x
http://adsabs.harvard.edu/abs/2010MNRAS.401.1770V
http://jakevdp.github.io/
http://arxiv.org/abs/1411.5018
https://doi.org/10.1051/0004-6361/201322127
http://adsabs.harvard.edu/abs/2013A&amp;A...557L...7V
https://doi.org/10.1088/0004-637X/770/2/86
http://adsabs.harvard.edu/abs/2013ApJ...770...86W
https://doi.org/10.1126/science.1240755
http://adsabs.harvard.edu/abs/2013Sci...341..981W
https://doi.org/10.1086/504401
http://adsabs.harvard.edu/abs/2006ApJ...645..890W
https://doi.org/10.1088/0004-637X/780/1/9
http://adsabs.harvard.edu/abs/2014ApJ...780....9W
https://doi.org/10.1088/0004-6256/144/6/160
http://adsabs.harvard.edu/abs/2012AJ....144..160W
https://doi.org/10.1086/527542
http://adsabs.harvard.edu/abs/2008ApJ...675.1041W
https://doi.org/10.1088/0004-637X/770/1/31
http://adsabs.harvard.edu/abs/2013ApJ...770...31W
https://doi.org/10.1088/0004-637X/735/1/50
http://adsabs.harvard.edu/abs/2011ApJ...735...50W
https://doi.org/10.1086/521212
http://adsabs.harvard.edu/abs/2007ApJ...669...96W
https://doi.org/10.1111/j.1365-2966.2012.22030.x
http://adsabs.harvard.edu/abs/2012MNRAS.427.1580X
https://doi.org/10.1093/mnras/stv2956
http://adsabs.harvard.edu/abs/2016MNRAS.456.4377X
https://doi.org/10.1093/mnras/stw2132
http://adsabs.harvard.edu/abs/2016MNRAS.463.2287X
http://adsabs.harvard.edu/abs/2016MNRAS.463.2287X
https://doi.org/10.1051/0004-6361:20066791
http://adsabs.harvard.edu/abs/2007A&amp;A...466.1053X
https://doi.org/10.1093/mnras/stu2571
http://adsabs.harvard.edu/abs/2015MNRAS.447.1692Y
https://doi.org/10.1088/2041-8205/807/1/L19
http://adsabs.harvard.edu/abs/2015ApJ...807L..19Y
https://doi.org/10.1051/0004-6361/201118299
http://adsabs.harvard.edu/abs/2012A&amp;A...539A.104Y
http://adsabs.harvard.edu/abs/2012A&amp;A...539A.104Y
https://doi.org/10.1086/431453
http://adsabs.harvard.edu/abs/2005ApJ...629..408Y
https://doi.org/10.1086/427206
http://adsabs.harvard.edu/abs/2005ApJ...620..905Y
https://doi.org/10.1146/annurev-astro-082812-141003
http://adsabs.harvard.edu/abs/2014ARA&amp;A..52..529Y
https://doi.org/10.1086/378716
http://adsabs.harvard.edu/abs/2003ApJ...598..301Y
https://doi.org/10.1088/0004-637X/703/1/1034
http://adsabs.harvard.edu/abs/2009ApJ...703.1034Y
https://doi.org/10.1086/506375
http://adsabs.harvard.edu/abs/2006ApJ...650..189Y

	1. Introduction
	2. The Sample of Quiescent/Faint AGNs
	3. Fitting Method
	4. Results
	4.1. The FP of Quiescent AGNs
	4.2.(Quasi-)MBH-free Subsample: The Radio/X-Ray Correlation Index ξX

	5. Discussions
	5.1. Uncertainties of the Observational Data
	5.2. Impact of Fanaroff–Riley Is and the Dimmest M31 on the Derived FP
	5.3. Comparison with Previous Works
	5.3.1. BHBs in Their Quiescent States: Gallo et al. (2006, 2014) and Corbel et al. (2008)
	5.3.2. Sgr A* in Quiescent and Flare States
	5.3.3. Yuan et al. (2009, YYH09)
	5.3.4. Dong & Wu (2015, DW15)

	5.4. Disadvantages of a Joint Fitting of both Normal LLAGNs and Quiescent AGNs
	5.5. The Distribution of the Radio-loudness Parameter RX versus the Eddington Ratio in Faint AGNs with LX/LEdd≲10-6

	6. Summary
	References



