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• Super-Edd.天体の候補をSDSS DR7から選び出し、測光＆分光
フォローアップ（Linjiang telescope/Wise telescope）。Starndard 
disk - Slim diskの違いが何かの’’量’’に依存して見えるか、Slim disk
特有の現象はないか調べた。ここでは特にLag-Luminosity relation
に注目。
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ABSTRACT

We have completed two years of photometric and spectroscopic monitoring of a large number of active galactic
nuclei (AGNs) with very high accretion rates. In this paper, we report on the result of the second phase of the
campaign, during 2013–2014, and the measurements of five new Hβ time lags out of eight monitored AGNs. All
five objects were identified as super-Eddington accreting massive black holes (SEAMBHs). The highest measured
accretion rates for the objects in this campaign are 2002Ṁ , where M L cEdd

2M = ·
-˙ ˙ , M·˙ is the mass accretion

rates, LEdd is the Eddington luminosity and c is the speed of light. We find that the Hβ time lags in SEAMBHs are
significantly shorter than those measured in sub-Eddington AGNs, and the deviations increase with increasing
accretion rates. Thus, the relationship between broad-line region size (R Hb) and optical luminosity at 5100 Å,
R L5100H -b , requires accretion rate as an additional parameter. We propose that much of the effect may be due to
the strong anisotropy of the emitted slim-disk radiation. Scaling R Hb by the gravitational radius of the black hole
(BH), we define a new radius–mass parameter (Y ) and show that it saturates at a critical accretion rate of

6 30cM = ~˙ , indicating a transition from thin to slim accretion disk and a saturated luminosity of the slim disks.
The parameter Y is a very useful probe for understanding the various types of accretion onto massive BHs. We
briefly comment on implications to the general population of super-Eddington AGNs in the universe and
applications to cosmology.
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1. INTRODUCTION

Reverberation mapping (RM) experiments, which measure
the delayed response of the broad emission line gas to the
ionizing continuum in active galactic nuclei (AGNs), are the
best way to map the gas distribution and derive several
fundamental properties such as its emissivity-weighted radius
and the black hole (BH) mass. The method was suggested by
Bahcall et al. (1972) and its theoretical foundation explained in
detailed in Blandford & McKee (1982). Numerous RM
experiments, since the late 1980s (e.g., Calvel et al. 1991;
Bentz 2011; Maoz et al. 1991; Peterson et al. 1991, 1993;
Dietrich et al. 1993; Wanders et al. 1993; Kaspi et al. 2000;
Bentz et al. 2009a; Denney et al. 2010; Grier et al. 2012; Du
et al. 2014; Wang et al. 2014a; Barth et al. 2015) have
succeeded in mapping the emissivity distribution of Hβ and
several other lines in the broad-line region (BLR) in more than
40 AGNs. BH virial mass measurements based on the method
was shown to be consistent with the M s-· *

relationship, or
with measurements based on stellar dynamics in local objects,
where s

*
is the stellar velocity dispersion in the host galaxy

(Ferrarese et al. 2001; Onken et al. 2004; see Kormendy and
Ho 2013 for an extensive review). This method is an efficient
and routine way to estimate BH mass at basically all redshift, at
distances that are well beyond the resolving power of all
ground-based telescopes. The RM experiments have
been extensively discussed and reviewed in the literature
(e.g., Peterson 1993; Kaspi et al. 2000 for earlier works and
Shen et al. 2015 and de Rosa et al. 2015 for more recent
results).
Most RM experiments, so far, have focused on the time lag

of the broad Hβ line ( Ht b in the rest frame) relative to the
AGN continuum luminosity ( Ll l) at rest-frame wavelength of
5100 Å (hereafter L5100). Results for 41 such measurements,
based on AGN luminosity that is corrected for host
galaxy contamination, are summarized in Bentz et al. (2013).
They lead to a simple, highly significant correlation of the form

R l ltd, 144H a» ( )b
b

where R cH Ht=b b is the emissivity-weighted radius of the BLR

and l L 10 erg s44 5100
44 1= - . We refer to this type of

relationship as the R L5100H -b relationship. The constants α
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• おそらく（泉の知る限り）最も美しいsuper-Edd.サンプル群 
→ 今後の研究における母集団としての利用を薦める。

high tail of the Ṁ distribution. This is not surprising given the
way we selected our targets. We also show in Figure 2 the EW
distribution of Hβ. On average, our high accretion rate sources
have lower mean EW(Hβ). An anti-correlation between EW
(Hβ) and L LBol Edd has been found in other samples with less

accurate rates, in which BH mass is estimated by the R L5100H -b
relation (e.g., Netzer et al. 2004).
In Paper II we classified SEAMBHs as those objects with

m 0.1Mh=˙ ˙ ⩾ . This is based on the idea that beyond this
value, the accretion disk becomes slim and the radiation
efficiency is reduced due to photon trapping and other effects.
Since we cannot observe the entire SED, we have no direct way
to measure L LBol Edd, and this criterion is used as an
approximate tool for identifying SEAMBH candidates. To be
on the conservative side, we chose the lowest possible
efficiency, 0.038h = (retrograde disk with a 1= - , see
Bardeen et al. 1972). Thus SEAMBHs are objects with

2.63M =˙ . For simplicity, in this paper we use Ṁmin= 3 as the
required minimum. Later on, in Section 5, we introduce an
empirical way, based on our own mass measurements, to define
this group more accurately.
Table 6 lists all observables, M· and Ṁ for the first

(SEAMBH2012) and second (SEAMBH2013) year observa-
tions. All objects, except for MCG +06-26-012 (see note in the
table caption), show 3M >˙ , indicating they are SEAMBHs. In
Paper III, more accurate measurements of Hβ lags have been
derived by using a scheme of simultaneously fitting spectra of
host and AGNs. The newly measured lags are the ones listed
Table 6. Comparing with the previous measurements in Papers
I and II, the updated lags are consistent with the previous ones,
but the error bars are much smaller. Including our new
observations, the majority of SEAMBHs with RM-based mass
measurements come from our Lijiang RM campaign.

Table 6
Hβ Reverberations of the SEAMBH Targets

Objects Ht b FWHM lines M Mlog ( )· : log Ṁ Llog 5100
Llog Hb EW(Hβ)

(days) (km s 1- ) (km s 1- ) ( erg s 1)- ( erg s 1)- (Å)

SEAMBH2012

Mrk 335 8.7 1.9
1.6

-
+ 2096 ± 170 1470 ± 50 6.87 0.14

0.10
-
+ 1.28 0.30

0.37
-
+ 43.69 ± 0.06 42.03 ± 0.06 110.5 ± 22.3

Mrk 1044 10.5 2.7
3.3

-
+ 1178 ± 22 766 ± 8 6.45 0.13

0.12
-
+ 1.22 0.41

0.40
-
+ 43.10 ± 0.10 41.39 ± 0.09 101.4 ± 31.9

Mrk 382 7.5 2.0
2.9

-
+ 1462 ± 296 840 ± 37 6.50 0.29

0.19
-
+ 1.18 0.53

0.69
-
+ 43.12 ± 0.08 41.01 ± 0.05 39.6 ± 9.0

Mrk 142 7.9 1.1
1.2

-
+ 1588 ± 58 948 ± 12 6.59 0.07

0.07
-
+ 1.65 0.23

0.23
-
+ 43.56 ± 0.06 41.60 ± 0.04 55.2 ± 9.5

MCG +06-26-012a 24.0 4.8
8.4

-
+ 1334 ± 80 785 ± 21 6.92 0.12

0.14
-
+ 0.34 0.45

0.37- -
+ 42.67 ± 0.11 41.03 ± 0.06 114.6 ± 32.5

IRAS F12397b 9.7 1.8
5.5

-
+ 1802 ± 560 1150 ± 122 6.79 0.45

0.27
-
+ 2.26 0.62

0.98
-
+ 44.23 ± 0.05 42.26 ± 0.04 54.2 ± 8.4

Mrk 486 23.7 2.7
7.5

-
+ 1942 ± 67 1296 ± 23 7.24 0.06

0.12
-
+ 0.55 0.32

0.20
-
+ 43.69 ± 0.05 42.12 ± 0.04 135.9 ± 20.3

Mrk 493 11.6 2.6
1.2

-
+ 778 ± 12 513 ± 5 6.14 0.11

0.04
-
+ 1.88 0.21

0.33
-
+ 43.11 ± 0.08 41.35 ± 0.05 87.4 ± 18.1

IRAS 04416c 13.3 1.4
13.9

-
+ 1522 ± 44 1056 ± 29 6.78 0.06

0.31
-
+ 2.63 0.67

0.16
-
+ 44.47 ± 0.03 42.51 ± 0.02 55.8 ± 4.7

SEAMBH2013

SDSS J075101 33.4 5.6
15.6

-
+ 1495 ± 67 1055 ± 32 7.16 0.09

0.17
-
+ 1.34 0.41

0.25
-
+ 44.12 ± 0.05 42.25 ± 0.03 68.1 ± 8.6

SDSS J080101 8.3 2.7
9.7

-
+ 1930 ± 18 1119 ± 3 6.78 0.17

0.34
-
+ 2.33 0.72

0.39
-
+ 44.27 ± 0.03 42.58 ± 0.02 105.5 ± 8.3

SDSS J081441 18.4 8.4
12.7

-
+ 1615 ± 22 1122 ± 11 6.97 0.27

0.23
-
+ 1.56 0.57

0.63
-
+ 44.01 ± 0.07 42.42 ± 0.03 132.0 ± 23.7

SDSS J081456 24.3 16.4
7.7

-
+ 2409 ± 61 1438 ± 32 7.44 0.49

0.12
-
+ 0.59 0.30

1.03
-
+ 43.99 ± 0.04 42.15 ± 0.03 74.4 ± 7.6

SDSS J093922 11.9 6.3
2.1

-
+ 1209 ± 16 835 ± 11 6.53 0.33

0.07
-
+ 2.54 0.20

0.71
-
+ 44.07 ± 0.04 42.09 ± 0.04 53.0 ± 6.7

Note. (1): Hβ lags of J080131 are not listed in this table, but given in the second paragraph of Section 3 in the main text. (2): All SEAMBH2012 measurements are
taken from Paper III, but 5100 Å fluxes are from I and II.
a MCG +06-26-012 was selected as a super-Eddington candidate but later was identified to be a sub-Eddington accretor ( 0.46M =˙ ).
b For IRAS F12397, we use the fluxes of the case with local absorption correction (see the details in Paper I and III).
c The time lag of IRAS 04416 cannot be obtained significantly using the integration method in Papers II and II, but has been detected by the fitting procedures in
Paper III.

Figure 2. The distribution of dimensionless accretion rates of the mapped
AGNs and quasars. The previous sample refers to the sample of all mapped
AGNs summarized by Bentz et al. (2013) (the repeated monitored AGNs are
regarded as individual ones), and adds four recently mapped AGNs: NGC 7469
updated by Peterson et al. (2014), KA 1858+4850 (Pei et al. 2014), Mrk 1511
(Barth et al. 2013) and NGC 5273 (Bentz et al. 2014). The dashed line is for
the previous sample and the solid is for the SEAMBH sample. Our campaign
selected those candidate sources with extremely high accretion rates ( 102Ṁ )
. Though some sources monitored previously have 10M ~˙ , most of them
have lower accretion rates. Right panel shows the distribution of EW(Hβ),
showing that SEAMBH sample tends to have low EW(Hβ).
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• (Mass) Eddington-ratioを定義 

• Rev. mappingでMBHを推定 
→ standard cross correlation 

• ηmin=0.038 (Bardeen+72)を採用して、dot(M) > 3でSEAMBHとみなす

and β differ slightly from one study to the next, depending on
the number of sources and their exact luminosity range. For the
Bentz et al. (2013) work, 33.65a = and 0.533b = . Scaling
relationships based on other emission lines have been used to
estimate BH mass in high-redshift AGNs. These are either
based on the Mg II 2798l line, which is scaled to the Hβ line
(e.g., McLure & Dunlop 2004; Vestergaard & Peterson 2006;
Vestergaard & Osmer 2009; Shen et al. 2011; Trakhtenbrot &
Netzer 2012) or the C IV 1549l line, for which few direct lag
measurements are available (e.g., Kaspi et al. 2007). So far,
there is not enough information about the dependence of the
R L5100H -b relationship on accretion rate or Eddington ratio
L LBol Edd, where LBol is the bolometric luminosity,
L 1.5Edd = ´ M M10 erg s38 1( )·

-
: is the Eddington luminosity

for a solar composition gas, and M· the BH mass.
We are conducting a large RM monitoring campaign

targeting high-accretion rate AGNs. The aims are to understand
better the physical mechanism powering these sources, the
dependence of the R L5100H -b relationship on accretion rate,
and the possibility to use such objects to infer cosmological
distances especially at high z (Wang et al. 2013). We coin these
sources “super-Eddington accreting massive black holes”
(SEAMBHs). Earlier attempts in this direction, based on
monitoring narrow-line Seyfert 1 galaxies (NLS1s), failed
mostly because of the small variability amplitude of the
selected sources (Giannuzzo & Stirpe 1996; Giannuzzo et al.
1998; Shemmer & Netzer 2000; Klimek et al. 2004). Bentz
et al. (2011) summarized results for a few NLS1s, and found
relatively small L LBol Edd for this class of objects and time lags
that are not significantly different from the ones given by
Equation (1). Our monitoring campaign started in 2012 and its
first two phases are already completed. The ∼20 targets
observed so far are listed in Table 1. Results from the first
phase have been published in Du et al. (2014; hereafter Paper
I) and Wang et al. (2014a; hereafter Paper II). We also studied
the time-dependent variability of the strong Fe II lines in nine
of the sources, and the results are reported in Hu et al. (2015,
hereafter Paper III). We characterize SEAMBHs by their
dimensionless accretion rate, M L cEdd

2M = ·
-˙ ˙ , where M·˙ is

the accretion rate. Typical values of this parameter range from a
few to ∼100 for the objects in the first phase of the project.
Such high accretion rates are characteristics of slim accretion
disks (Abramowicz et al. 1988) that are thought to power these
objects (Szuszkiewicz et al. 1996; Wang et al. 1999; Wang &
Zhou 1999; Mineshige et al. 2000). Paper II shows that such
objects may eventually become new standard candles for
cosmology.

This paper reports the results of the second year of our RM
campaign. Target selection, observation details, and data
reduction are described in Section 2. Hβ lags, BH mass, and
accretion rates are provided in Section 3. The new Hβ lags are
discussed in Section 4, showing that for a given luminosity, the
Hβ lag gets shorter with increasing Ṁ. In Section 5 we briefly
discuss the implications of the new findings to the under-
standing of BLR physics and geometry, and to accretion
physics. Section 6 gives a brief summary of the paper.
Throughout this work we assume a standard cosmology with
H 67 km s Mpc0

1 1= - - , 0.68W =L , and 0.32MW = (Ade
et al. 2014).

2. OBSERVATIONS AND DATA REDUCTION

2.1. Target Selection

Unlike the first phase described in Papers I and II, in which
most objects are NLS1s, for the second phase we selected
targets from the quasar sample of the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7) using the pipeline employed in
Hu et al. (2008a). The objects have similar spectroscopic
characteristics to the NLS1s from Papers I and II, in particular:
(1) strong optical Fe II lines, (2) narrow ( 2000 km s 11 - ) Hβ
lines, and (3) weak [O III] lines (Osterbrock & Pogge 1987;
Boroson & Green 1992). The objects selected for the first year
study are NLS1s with extremely steep 2–10 keV continuum.
For the second year sample reported here, we do not have X-
ray data and use, instead, the dimensionless accretion rate Ṁ,
which can be estimated through the physics of thin accretion
disks as formulated by Shakura & Sunyaev (1973,
hereafter SS73). In such systems, the accretion rate can be
directly calculated from the part of the spectrum where
L 1 3nµn , regardless of the value of the BH spin (e.g., Collin
et al. 2002; Davis & Laor 2011). The only significant
uncertainty in this estimate is the disk inclination to the line
of sight, i (see more details in Paper II). We take icos 0.75=
in this series of papers.11 The standard thin disk equations give
(see Paper II),

l

i
m20.1

cos
, 244

3 2

7
2M =

æ
è
ççç

ö
ø
÷÷÷ ( )-˙

where m M M107
7= · :. For thin accretion disks, we have

L LBol Edd Mh= ˙, where LBol is the disk bolometric luminos-
ity, and η is the mass-to-radiation conversion efficiency which
depends on the BH spin.
When comparing thin to slim accretion disks it is important

to note that in both systems, the observed 5100 Å emission
comes from large disk radii and thus is less influenced by the
radial motion of the accretion flow compared with the regions
closer in that emit the shorter wavelength photons. At these
large radii, Keplerian rotation dominates, radiation cooling
locally balances the release of gravitational energy through
viscosity, and all effects arising from radial advection and the
BH spin can be neglected. As direct integration of the disk
spectral energy distribution (SED) is not practical in almost all
cases, due to the lack of far-UV observations, measuring
L LBol Edd directly is not possible, and Equation (2) is the best
way to estimate Ṁ, which is directly related to the SS73
accretion disk model.
To estimate the BH mass, we followed the standard approach

and assume that the BLR gas is moving in Keplerian orbits and
the rest frame time lags ( Ht b) provide reliable estimates of R Hb.
This gives

M f
R V

G
f V M1.95 10 , 3

FWHM
2

6
3
2

10BLR

H

BLR
t= = ´ ( )·

b

:

where G is the gravitational constant, V V 10 km s3 FWHM
3 1= -

is the FWHM of the Hβ line profile in units of 10 km s3 1- and
1010 Ht t= b days. The factor f

BLR
is calibrated from the known

11 icos 0.75= represents a mean disk inclination for a type 1 AGN with a
torus covering factor of about 0.5, assuming the torus axis is co-aligned with
the disk axis.
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-
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that are not significantly different from the ones given by
Equation (1). Our monitoring campaign started in 2012 and its
first two phases are already completed. The ∼20 targets
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phase have been published in Du et al. (2014; hereafter Paper
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the time-dependent variability of the strong Fe II lines in nine
of the sources, and the results are reported in Hu et al. (2015,
hereafter Paper III). We characterize SEAMBHs by their
dimensionless accretion rate, M L cEdd

2M = ·
-˙ ˙ , where M·˙ is
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Such high accretion rates are characteristics of slim accretion
disks (Abramowicz et al. 1988) that are thought to power these
objects (Szuszkiewicz et al. 1996; Wang et al. 1999; Wang &
Zhou 1999; Mineshige et al. 2000). Paper II shows that such
objects may eventually become new standard candles for
cosmology.

This paper reports the results of the second year of our RM
campaign. Target selection, observation details, and data
reduction are described in Section 2. Hβ lags, BH mass, and
accretion rates are provided in Section 3. The new Hβ lags are
discussed in Section 4, showing that for a given luminosity, the
Hβ lag gets shorter with increasing Ṁ. In Section 5 we briefly
discuss the implications of the new findings to the under-
standing of BLR physics and geometry, and to accretion
physics. Section 6 gives a brief summary of the paper.
Throughout this work we assume a standard cosmology with
H 67 km s Mpc0

1 1= - - , 0.68W =L , and 0.32MW = (Ade
et al. 2014).

2. OBSERVATIONS AND DATA REDUCTION

2.1. Target Selection

Unlike the first phase described in Papers I and II, in which
most objects are NLS1s, for the second phase we selected
targets from the quasar sample of the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7) using the pipeline employed in
Hu et al. (2008a). The objects have similar spectroscopic
characteristics to the NLS1s from Papers I and II, in particular:
(1) strong optical Fe II lines, (2) narrow ( 2000 km s 11 - ) Hβ
lines, and (3) weak [O III] lines (Osterbrock & Pogge 1987;
Boroson & Green 1992). The objects selected for the first year
study are NLS1s with extremely steep 2–10 keV continuum.
For the second year sample reported here, we do not have X-
ray data and use, instead, the dimensionless accretion rate Ṁ,
which can be estimated through the physics of thin accretion
disks as formulated by Shakura & Sunyaev (1973,
hereafter SS73). In such systems, the accretion rate can be
directly calculated from the part of the spectrum where
L 1 3nµn , regardless of the value of the BH spin (e.g., Collin
et al. 2002; Davis & Laor 2011). The only significant
uncertainty in this estimate is the disk inclination to the line
of sight, i (see more details in Paper II). We take icos 0.75=
in this series of papers.11 The standard thin disk equations give
(see Paper II),
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L LBol Edd Mh= ˙, where LBol is the disk bolometric luminos-
ity, and η is the mass-to-radiation conversion efficiency which
depends on the BH spin.
When comparing thin to slim accretion disks it is important

to note that in both systems, the observed 5100 Å emission
comes from large disk radii and thus is less influenced by the
radial motion of the accretion flow compared with the regions
closer in that emit the shorter wavelength photons. At these
large radii, Keplerian rotation dominates, radiation cooling
locally balances the release of gravitational energy through
viscosity, and all effects arising from radial advection and the
BH spin can be neglected. As direct integration of the disk
spectral energy distribution (SED) is not practical in almost all
cases, due to the lack of far-UV observations, measuring
L LBol Edd directly is not possible, and Equation (2) is the best
way to estimate Ṁ, which is directly related to the SS73
accretion disk model.
To estimate the BH mass, we followed the standard approach

and assume that the BLR gas is moving in Keplerian orbits and
the rest frame time lags ( Ht b) provide reliable estimates of R Hb.
This gives
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11 icos 0.75= represents a mean disk inclination for a type 1 AGN with a
torus covering factor of about 0.5, assuming the torus axis is co-aligned with
the disk axis.
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disks (Abramowicz et al. 1988) that are thought to power these
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campaign. Target selection, observation details, and data
reduction are described in Section 2. Hβ lags, BH mass, and
accretion rates are provided in Section 3. The new Hβ lags are
discussed in Section 4, showing that for a given luminosity, the
Hβ lag gets shorter with increasing Ṁ. In Section 5 we briefly
discuss the implications of the new findings to the under-
standing of BLR physics and geometry, and to accretion
physics. Section 6 gives a brief summary of the paper.
Throughout this work we assume a standard cosmology with
H 67 km s Mpc0

1 1= - - , 0.68W =L , and 0.32MW = (Ade
et al. 2014).

2. OBSERVATIONS AND DATA REDUCTION

2.1. Target Selection

Unlike the first phase described in Papers I and II, in which
most objects are NLS1s, for the second phase we selected
targets from the quasar sample of the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7) using the pipeline employed in
Hu et al. (2008a). The objects have similar spectroscopic
characteristics to the NLS1s from Papers I and II, in particular:
(1) strong optical Fe II lines, (2) narrow ( 2000 km s 11 - ) Hβ
lines, and (3) weak [O III] lines (Osterbrock & Pogge 1987;
Boroson & Green 1992). The objects selected for the first year
study are NLS1s with extremely steep 2–10 keV continuum.
For the second year sample reported here, we do not have X-
ray data and use, instead, the dimensionless accretion rate Ṁ,
which can be estimated through the physics of thin accretion
disks as formulated by Shakura & Sunyaev (1973,
hereafter SS73). In such systems, the accretion rate can be
directly calculated from the part of the spectrum where
L 1 3nµn , regardless of the value of the BH spin (e.g., Collin
et al. 2002; Davis & Laor 2011). The only significant
uncertainty in this estimate is the disk inclination to the line
of sight, i (see more details in Paper II). We take icos 0.75=
in this series of papers.11 The standard thin disk equations give
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comes from large disk radii and thus is less influenced by the
radial motion of the accretion flow compared with the regions
closer in that emit the shorter wavelength photons. At these
large radii, Keplerian rotation dominates, radiation cooling
locally balances the release of gravitational energy through
viscosity, and all effects arising from radial advection and the
BH spin can be neglected. As direct integration of the disk
spectral energy distribution (SED) is not practical in almost all
cases, due to the lack of far-UV observations, measuring
L LBol Edd directly is not possible, and Equation (2) is the best
way to estimate Ṁ, which is directly related to the SS73
accretion disk model.
To estimate the BH mass, we followed the standard approach

and assume that the BLR gas is moving in Keplerian orbits and
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determined through the “flux randomization/random subset
sampling” method (RS/RSS) (Peterson et al. 1998, 2004), the
cross-correlation centroid distribution (CCCD) and cross-
correlation peak distribution (CCPD) generated by RS/RSS
method (Maoz & Netzer 1989; Peterson et al. 1998, 2004;
Denney et al. 2006, 2010 and reference therein), which are
shown in Figure 1. For a successful detection of Hβ lag we
require: (1) non-zero lag from the CCF peak and (2) a
maximum correlation coefficient larger than 0.5.

Five of the eight sources show well-determined lags. All
these sources are listed in Table 6. The other three failed our
above criteria. Figure 1 shows that the CCFs of two of them
(J094422 and J100055) show two comparable peaks and no
significant Hβ lags. The third source, J080131, has an unusual
combination of line and continuum light curves. The
continuum light curve shows a well-determined, broad feature
followed by two major short “bursts” centered at around
JD24566000+, 120, and 140. The Hβ light curve shows a clear
response to the first continuum dip and burst feature, but no

response to the two shorter duration features. The CCF of the
entire campaign has a low peak, at r 0.5max � , which is
consistent with a zero lag. Carrying the analysis for the first 70
days only, as shown in the second diagram of J080131 panel in
Figure 1, we found a very significant peak with a centroid lag
of 11.5 3.6

8.4
-
+ days (with a very high coefficient of r 0.81max = ) in

rest-frame.
Our search of the literature shows that the unusual

combination of line and continuum light curves observed in
J080131 is rare (see similar, but not identical, behavior in NGC
7469 (Peterson et al. 2014) and in the UV light curve of
NGC 5548; de Rosa et al. 2015). We can think of various
scenarios that could cause such an event in a SEAMBH with
extremely high accretion rate. For example, the inner part of
slim disks can be so thick that self-shadowing effects lead to
strong anisotropy of the emitted radiation. The signal received
and measured by a remote observer can differ substantially
from the ionizing radiation that reaches the Hβ-emitting clouds
(see discussions by Wang et al. 2014b). Given the rarity of

Figure 1. Light curves and cross correlation results. Each object has six panels: ((a), (b), (c)) are light curves of the inter-calibrated continuum, combined 5100 Å
continuum, and Hβ emissions, respectively; ((d), (e), (f)) are auto correlation function (ACF) of the combined continuum, cross correlation function (CCF) of the
combined continuum and Hβ emission and the Monte-Carlo simulations of peaks (red) and centroid (blue) of lags, respectively. In panels (d) and (e), the solid lines
show the results of ICCF method and the points with error bars are from ZDCF (Z-transformed discrete correlation function). F5100 and FHb are in unit of

10 erg s cm16 1 2 1- - - -Å and 10 erg s cm14 1 2- - - for all quasars, respectively. In panel (a) of J075101, the red dots, green squares and blue diamonds are fluxes from
Lijiang spectroscopy, photometry and Wise photometry, respectively. The color points in other objects have the same meanings with that of J075101. Bars with
terminals as systematic errors are plotted in the corners of the panels (see Paper I for details).
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high tail of the Ṁ distribution. This is not surprising given the
way we selected our targets. We also show in Figure 2 the EW
distribution of Hβ. On average, our high accretion rate sources
have lower mean EW(Hβ). An anti-correlation between EW
(Hβ) and L LBol Edd has been found in other samples with less

accurate rates, in which BH mass is estimated by the R L5100H -b
relation (e.g., Netzer et al. 2004).
In Paper II we classified SEAMBHs as those objects with

m 0.1Mh=˙ ˙ ⩾ . This is based on the idea that beyond this
value, the accretion disk becomes slim and the radiation
efficiency is reduced due to photon trapping and other effects.
Since we cannot observe the entire SED, we have no direct way
to measure L LBol Edd, and this criterion is used as an
approximate tool for identifying SEAMBH candidates. To be
on the conservative side, we chose the lowest possible
efficiency, 0.038h = (retrograde disk with a 1= - , see
Bardeen et al. 1972). Thus SEAMBHs are objects with

2.63M =˙ . For simplicity, in this paper we use Ṁmin= 3 as the
required minimum. Later on, in Section 5, we introduce an
empirical way, based on our own mass measurements, to define
this group more accurately.
Table 6 lists all observables, M· and Ṁ for the first

(SEAMBH2012) and second (SEAMBH2013) year observa-
tions. All objects, except for MCG +06-26-012 (see note in the
table caption), show 3M >˙ , indicating they are SEAMBHs. In
Paper III, more accurate measurements of Hβ lags have been
derived by using a scheme of simultaneously fitting spectra of
host and AGNs. The newly measured lags are the ones listed
Table 6. Comparing with the previous measurements in Papers
I and II, the updated lags are consistent with the previous ones,
but the error bars are much smaller. Including our new
observations, the majority of SEAMBHs with RM-based mass
measurements come from our Lijiang RM campaign.

Table 6
Hβ Reverberations of the SEAMBH Targets

Objects Ht b FWHM lines M Mlog ( )· : log Ṁ Llog 5100
Llog Hb EW(Hβ)

(days) (km s 1- ) (km s 1- ) ( erg s 1)- ( erg s 1)- (Å)

SEAMBH2012

Mrk 335 8.7 1.9
1.6

-
+ 2096 ± 170 1470 ± 50 6.87 0.14

0.10
-
+ 1.28 0.30

0.37
-
+ 43.69 ± 0.06 42.03 ± 0.06 110.5 ± 22.3

Mrk 1044 10.5 2.7
3.3

-
+ 1178 ± 22 766 ± 8 6.45 0.13

0.12
-
+ 1.22 0.41

0.40
-
+ 43.10 ± 0.10 41.39 ± 0.09 101.4 ± 31.9

Mrk 382 7.5 2.0
2.9

-
+ 1462 ± 296 840 ± 37 6.50 0.29

0.19
-
+ 1.18 0.53

0.69
-
+ 43.12 ± 0.08 41.01 ± 0.05 39.6 ± 9.0

Mrk 142 7.9 1.1
1.2

-
+ 1588 ± 58 948 ± 12 6.59 0.07

0.07
-
+ 1.65 0.23

0.23
-
+ 43.56 ± 0.06 41.60 ± 0.04 55.2 ± 9.5

MCG +06-26-012a 24.0 4.8
8.4

-
+ 1334 ± 80 785 ± 21 6.92 0.12

0.14
-
+ 0.34 0.45

0.37- -
+ 42.67 ± 0.11 41.03 ± 0.06 114.6 ± 32.5

IRAS F12397b 9.7 1.8
5.5

-
+ 1802 ± 560 1150 ± 122 6.79 0.45

0.27
-
+ 2.26 0.62

0.98
-
+ 44.23 ± 0.05 42.26 ± 0.04 54.2 ± 8.4

Mrk 486 23.7 2.7
7.5

-
+ 1942 ± 67 1296 ± 23 7.24 0.06

0.12
-
+ 0.55 0.32

0.20
-
+ 43.69 ± 0.05 42.12 ± 0.04 135.9 ± 20.3

Mrk 493 11.6 2.6
1.2

-
+ 778 ± 12 513 ± 5 6.14 0.11

0.04
-
+ 1.88 0.21

0.33
-
+ 43.11 ± 0.08 41.35 ± 0.05 87.4 ± 18.1

IRAS 04416c 13.3 1.4
13.9

-
+ 1522 ± 44 1056 ± 29 6.78 0.06

0.31
-
+ 2.63 0.67

0.16
-
+ 44.47 ± 0.03 42.51 ± 0.02 55.8 ± 4.7

SEAMBH2013

SDSS J075101 33.4 5.6
15.6

-
+ 1495 ± 67 1055 ± 32 7.16 0.09

0.17
-
+ 1.34 0.41

0.25
-
+ 44.12 ± 0.05 42.25 ± 0.03 68.1 ± 8.6

SDSS J080101 8.3 2.7
9.7

-
+ 1930 ± 18 1119 ± 3 6.78 0.17

0.34
-
+ 2.33 0.72

0.39
-
+ 44.27 ± 0.03 42.58 ± 0.02 105.5 ± 8.3

SDSS J081441 18.4 8.4
12.7

-
+ 1615 ± 22 1122 ± 11 6.97 0.27

0.23
-
+ 1.56 0.57

0.63
-
+ 44.01 ± 0.07 42.42 ± 0.03 132.0 ± 23.7

SDSS J081456 24.3 16.4
7.7

-
+ 2409 ± 61 1438 ± 32 7.44 0.49

0.12
-
+ 0.59 0.30

1.03
-
+ 43.99 ± 0.04 42.15 ± 0.03 74.4 ± 7.6

SDSS J093922 11.9 6.3
2.1

-
+ 1209 ± 16 835 ± 11 6.53 0.33

0.07
-
+ 2.54 0.20

0.71
-
+ 44.07 ± 0.04 42.09 ± 0.04 53.0 ± 6.7

Note. (1): Hβ lags of J080131 are not listed in this table, but given in the second paragraph of Section 3 in the main text. (2): All SEAMBH2012 measurements are
taken from Paper III, but 5100 Å fluxes are from I and II.
a MCG +06-26-012 was selected as a super-Eddington candidate but later was identified to be a sub-Eddington accretor ( 0.46M =˙ ).
b For IRAS F12397, we use the fluxes of the case with local absorption correction (see the details in Paper I and III).
c The time lag of IRAS 04416 cannot be obtained significantly using the integration method in Papers II and II, but has been detected by the fitting procedures in
Paper III.

Figure 2. The distribution of dimensionless accretion rates of the mapped
AGNs and quasars. The previous sample refers to the sample of all mapped
AGNs summarized by Bentz et al. (2013) (the repeated monitored AGNs are
regarded as individual ones), and adds four recently mapped AGNs: NGC 7469
updated by Peterson et al. (2014), KA 1858+4850 (Pei et al. 2014), Mrk 1511
(Barth et al. 2013) and NGC 5273 (Bentz et al. 2014). The dashed line is for
the previous sample and the solid is for the SEAMBH sample. Our campaign
selected those candidate sources with extremely high accretion rates ( 102Ṁ )
. Though some sources monitored previously have 10M ~˙ , most of them
have lower accretion rates. Right panel shows the distribution of EW(Hβ),
showing that SEAMBH sample tends to have low EW(Hβ).
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• SEAMBHは系統的にR-L relation
（標準円盤）からズレる。ある光
度に対して、Rが小さい傾向。 

• Cont.で見てもHβ光度で見ても同
様の結果だが、わずかにHβの結果
の方が標準円盤との差異とscatter
が小さい。もしかしたらSlim disk
の構造を反映するのかも。

the population into two sub-groups, those with 3Ṁ ⩾ (11
from earlier studies and 13 from our study) and those with

3M <˙ . The diagram emphasizes that much of the intrinsic
scatter is caused by a systematic deviation of the large Ṁ
sources toward shorter lags. The regression calculations give
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with intrinsic scatters of 0.21, 0.16, 0.22ins = ( ) for (5a, 5b,
5c), respectively. The slope of the correlation for the SEAMBH
sample, those with 3Ṁ ⩾ , is comparable to that of sub-
Eddington AGNs, but the normalization is significantly
different. Clearly, the Hβ region of SEAMBHs is smaller than
sub-Eddington AGNs (see the different intercepts in
Equations (5b) and (5c)).

A more complete approach is to analyze the dependence
of Ht b on L5100 and Ṁ together, however, several reasons
prevent us from performing such an analysis. First, the current
sample is still small; and second the luminosity range of
SEAMBHs is very narrow. There are only 4 luminous
SEAMBHs (PG 0026+129, PG 1211+143, PG 1226+023,
PG 1700+518) identified from the previous campaigns, but
their M=˙ 4.5, 6.9, 5.0, 12.0( ), respectively, are smaller than
the average of this group. Thus, the search for a new
relationship of the type of R R L ,5100H H M= ( )b b

˙ will have

to wait for future observations of luminous, high accretion rate
sources.

4.2. Hβ Luminosity Versus BLR Size

Figure 3(c) shows the new R LH H-b b relationship. Such
relationships have been used in the past to supplement the
continuum-based relationships and to correlate the BLR size
more closely with the ionizing continuum radiation (see e.g.,
Kaspi et al. 2005). The regression analysis gives
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where L L 10 erg sH ,42
42 1

H=b
-

b , and 0.20, 0.18, 0.22ins = ( )
for (6a, 6b, 6c), respectively. As in the continuum luminosity
case, the inferred BLR size for SEAMBHs is smaller than the
size of the sources with 3M <˙ but the differences are smaller
in this case.
The R LH H-b b relationship has been examined by Wu et al.

(2004) and Kaspi et al. (2005). A comparison with the results
of these papers shows similar intercepts but different slopes,

Figure 3. The R L5100H -b and R LH H-b b relationships (panels (a), (c), (e)) and the deviations of RHb from the regression relationships (panels (b), (d), (f)). The
dotted is the fit for the 3M <˙ sample whereas the dashed is the fit for the 3M >˙ sample in all panels. Panels (a) and (b) show the comparison of the previous sample
and the SEAMBH campaigns. Clearly SEAMBHs are below the R L5100H -b relation, and the scatter of the relation increases with the inclusion of the SEAMBH2012/

2013 samples (see the intrinsic scatter given by the numbers below Equations (4) and (5)). Panel (b) shows R R RlogH R LH H ,( )D =b b b - , where R R LH ,b - is given by

Equation (4b). Panels (c) and (d) show the two samples of 3Ṁ ⩾ and 3M <˙ AGNs with averaged RM values for the R L5100H -b relation and the residual of RHD b ,
where R R LH ,b - is given by Equation (5b). Panels (e) and (f) show the R LH H-b b and RH MD -b ˙ relations.
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with the present slopes being significantly flatter than
0.685± 0.106 found in Wu et al. (2004) and 0.694± 0.064
found by Kaspi et al. (2005). It is not at all clear that these are
significant variations since the present sample is much larger
and the distribution of sources along the L Hb axis is quite
different. The correlations involving L5100 and L Hb (Figures 3
and 9 in Appendix B) show a very similar scatter but, for a
given Hβ luminosity, SEAMBHs have shorter lags compared
with low-accretion rate AGNs. Such differences may be related
to the properties of slim accretion disks (Wang et al. 2014b), or
other types of anisotropies (e.g., Goad & Korista 2015;
Netzer 1987; O’Brien et al. 1994; Goad & Wanders 1996;
Ferland et al. 2009).

4.3. Ṁ-dependent BLR Size

To test the dependence of the BLR size on accretion rates,
we define a new parameter, R R Rlog R LH H H ,( )D =b b b - that
specifies the deviations of individual objects from the
R L L5100H H-b b relationship of the sub-sample of 3.0M <˙
sources (i.e., R R LH ,b - as given by Equations (4b), (5b), and
(6b). The scatter of R HD b is calculated by s=

R R Ni iH , H
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úb b , where N is the number of

objects and RHáD ñb is the averaged value. Figure 3 provides
the value ofσ for comparison.

Figure 4 shows plots of R HD b versus Ṁ, and R HD b

distributions for the 3Ṁ ⩾ and 3M <˙ samples. A Kolmo-
gorov–Smirnov (KS) test comparing the two shows that the
probability of the same parent distributions is p 0.0054

KS
= for

the R L5100H -b case and p 0.014
KS

= for R LH H-b b case. This
provides a strong indication that the main cause of deviation
from the old R L5100H -b relationship (or the R L5100H -b
relationship for the sub-Eddington AGNs) is the extreme
accretion rate. Thus, a single R L5100H -b relationship for all

AGNs is a poor approximation for a more complex situation
where both the luminosity and the accretion rate determine this
relationship. From the regression, we get the dependence of the
deviations of R Hb from the R L5100H -b relation in Figure 4(a)
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with 0.13ins = . We have tested the above correlations also for
3M <˙ . The FITEXY regressions give slopes of around zero

with very large uncertainties, R 0.085 0.051
H MD µ - o
b

˙ and

R 0.059 0.054
H MD µ - o
b

˙ for Figures 4(a) and (c), respectively,
implying that R HD b does not correlate with Ṁ for 3M <˙
group. All this confirms that Ṁ is an additional parameter
controlling the R L5100H -b relation in AGNs with high accretion
rates.
To summarize, the new SEAMBHs observed in 2012 and

2013 significantly increase the scatter of the R L5100H -b
relation. We find that SEAMBHs have significantly shorter
lags than those of sub-Eddington AGNs with similar 5100 Å
luminosity, and the shortened lags increase with the dimension-
less accretion rate. Given this, we recommend to use Equations
(4b) or (5b) when trying to estimate the BLR size in sub-
Eddington AGNs. We suggest that the dependence of R Hb on
the dimensionless accretion rate could be a consequence of the
anisotropic radiation of slim disks. We come back to this issue
in the following section.

Figure 4. Panels (a), (b), (c), and (d) show the RH MD -b ˙ relation and RHD b distributions for R L5100H -b and R LH H-b b relations, respectively. The dotted lines

indicate 3M =˙ in panels (a) and (c). Both panels show that R 0HD ~b up to 3M ~˙ , beyond which RHD b∣ ∣ increases with Ṁ. This implies that, relative to normal
AGNs of the same 5100 Å luminosity, SEAMBHs have Hβ lags that become systematically shorter with increasing accretion rate.
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• ずれが生じる原因は、右図のよう
に明らかにdot(M)にある。すなわ
ちDisk stateの遷移のせい。



• SEAMBHは系統的にR-L relation
（標準円盤）からズレる。ある光
度に対して、Rが小さい傾向。 

• Cont.で見てもHβ光度で見ても同
様の結果だが、わずかにHβの結果
の方が標準円盤との差異とscatter
が小さい。もしかしたらSlim disk
の構造を反映するのかも。

the population into two sub-groups, those with 3Ṁ ⩾ (11
from earlier studies and 13 from our study) and those with

3M <˙ . The diagram emphasizes that much of the intrinsic
scatter is caused by a systematic deviation of the large Ṁ
sources toward shorter lags. The regression calculations give
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5c), respectively. The slope of the correlation for the SEAMBH
sample, those with 3Ṁ ⩾ , is comparable to that of sub-
Eddington AGNs, but the normalization is significantly
different. Clearly, the Hβ region of SEAMBHs is smaller than
sub-Eddington AGNs (see the different intercepts in
Equations (5b) and (5c)).

A more complete approach is to analyze the dependence
of Ht b on L5100 and Ṁ together, however, several reasons
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sources.

4.2. Hβ Luminosity Versus BLR Size

Figure 3(c) shows the new R LH H-b b relationship. Such
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more closely with the ionizing continuum radiation (see e.g.,
Kaspi et al. 2005). The regression analysis gives
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where L L 10 erg sH ,42
42 1
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-

b , and 0.20, 0.18, 0.22ins = ( )
for (6a, 6b, 6c), respectively. As in the continuum luminosity
case, the inferred BLR size for SEAMBHs is smaller than the
size of the sources with 3M <˙ but the differences are smaller
in this case.
The R LH H-b b relationship has been examined by Wu et al.

(2004) and Kaspi et al. (2005). A comparison with the results
of these papers shows similar intercepts but different slopes,

Figure 3. The R L5100H -b and R LH H-b b relationships (panels (a), (c), (e)) and the deviations of RHb from the regression relationships (panels (b), (d), (f)). The
dotted is the fit for the 3M <˙ sample whereas the dashed is the fit for the 3M >˙ sample in all panels. Panels (a) and (b) show the comparison of the previous sample
and the SEAMBH campaigns. Clearly SEAMBHs are below the R L5100H -b relation, and the scatter of the relation increases with the inclusion of the SEAMBH2012/

2013 samples (see the intrinsic scatter given by the numbers below Equations (4) and (5)). Panel (b) shows R R RlogH R LH H ,( )D =b b b - , where R R LH ,b - is given by

Equation (4b). Panels (c) and (d) show the two samples of 3Ṁ ⩾ and 3M <˙ AGNs with averaged RM values for the R L5100H -b relation and the residual of RHD b ,
where R R LH ,b - is given by Equation (5b). Panels (e) and (f) show the R LH H-b b and RH MD -b ˙ relations.
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with the present slopes being significantly flatter than
0.685± 0.106 found in Wu et al. (2004) and 0.694± 0.064
found by Kaspi et al. (2005). It is not at all clear that these are
significant variations since the present sample is much larger
and the distribution of sources along the L Hb axis is quite
different. The correlations involving L5100 and L Hb (Figures 3
and 9 in Appendix B) show a very similar scatter but, for a
given Hβ luminosity, SEAMBHs have shorter lags compared
with low-accretion rate AGNs. Such differences may be related
to the properties of slim accretion disks (Wang et al. 2014b), or
other types of anisotropies (e.g., Goad & Korista 2015;
Netzer 1987; O’Brien et al. 1994; Goad & Wanders 1996;
Ferland et al. 2009).
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To test the dependence of the BLR size on accretion rates,
we define a new parameter, R R Rlog R LH H H ,( )D =b b b - that
specifies the deviations of individual objects from the
R L L5100H H-b b relationship of the sub-sample of 3.0M <˙
sources (i.e., R R LH ,b - as given by Equations (4b), (5b), and
(6b). The scatter of R HD b is calculated by s=
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distributions for the 3Ṁ ⩾ and 3M <˙ samples. A Kolmo-
gorov–Smirnov (KS) test comparing the two shows that the
probability of the same parent distributions is p 0.0054
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the R L5100H -b case and p 0.014
KS

= for R LH H-b b case. This
provides a strong indication that the main cause of deviation
from the old R L5100H -b relationship (or the R L5100H -b
relationship for the sub-Eddington AGNs) is the extreme
accretion rate. Thus, a single R L5100H -b relationship for all

AGNs is a poor approximation for a more complex situation
where both the luminosity and the accretion rate determine this
relationship. From the regression, we get the dependence of the
deviations of R Hb from the R L5100H -b relation in Figure 4(a)
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with very large uncertainties, R 0.085 0.051
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˙ and
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˙ for Figures 4(a) and (c), respectively,
implying that R HD b does not correlate with Ṁ for 3M <˙
group. All this confirms that Ṁ is an additional parameter
controlling the R L5100H -b relation in AGNs with high accretion
rates.
To summarize, the new SEAMBHs observed in 2012 and

2013 significantly increase the scatter of the R L5100H -b
relation. We find that SEAMBHs have significantly shorter
lags than those of sub-Eddington AGNs with similar 5100 Å
luminosity, and the shortened lags increase with the dimension-
less accretion rate. Given this, we recommend to use Equations
(4b) or (5b) when trying to estimate the BLR size in sub-
Eddington AGNs. We suggest that the dependence of R Hb on
the dimensionless accretion rate could be a consequence of the
anisotropic radiation of slim disks. We come back to this issue
in the following section.

Figure 4. Panels (a), (b), (c), and (d) show the RH MD -b ˙ relation and RHD b distributions for R L5100H -b and R LH H-b b relations, respectively. The dotted lines

indicate 3M =˙ in panels (a) and (c). Both panels show that R 0HD ~b up to 3M ~˙ , beyond which RHD b∣ ∣ increases with Ṁ. This implies that, relative to normal
AGNs of the same 5100 Å luminosity, SEAMBHs have Hβ lags that become systematically shorter with increasing accretion rate.
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• ずれが生じる原因は、右図のよう
に明らかにdot(M)にある。すなわ
ちDisk stateの遷移のせい。

• Slim diskのanisotropyのせいで、observerが感じるfluxとtorusが感じ
るfluxの性質（SED）が違う？ 

• 同様の理由のせいで、polar angleから見た光度から推定した
sublimation radiusは現実よりかなりoverestimate？



• そこで、diskの性質の違いを浮き
彫りにするために、標準円盤でよ
く使われる重力半径での規格化を
Hβ lagに適用。 

• それを変形して、新たにradius-
mass parameter Yを定義（disk
の情報 = 降着率とBHの情報を組
み込んだパラメータ）。

• Yはhigh-dot(M)に対してsaturation
を示す！このときのdot(M)を観測
的にきちんと制限することが、
Slim disk modelの改善に重要。

5. DISCUSSIONS

The new results presented here illustrate that the small scatter
in the earlier R L5100H -b relationships (Kaspi et al. 2005; Bentz
et al. 2013 and references therein), only applies to low
accretion rate AGNs, which, according to our definition, are
sources with 3M <˙ . The addition of high accretion rate
sources, those referred to as SEAMBHs, changes this picture.
The scatter increases and there is a clear, statistically significant
tendency for AGNs with higher accretion rates to show smaller
R Hb. Moreover, the deviation increases with Ṁ. This holds for
both L5100 and L Hb although the deviations are larger when

using the 5100 Å luminosity. The deviations are most notice-
able over the luminosity range where most SEAMBHs are
concentrated, between 1043 and few 10 erg s44 1´ - . Below we
explore the physical implications of the new results focusing on
the earlier suggestion (Paper II) that SEAMBHs are powered
by slim accretion disks with properties that are considerably
different from those of thin disks.

5.1. Ṁ and the Origin of the Shorter Time Lag

The deviations from the earlier R L5100H -b relationship raise
several interesting possibilities that can explain the new results.
The first possibility is that the ionizing flux reaching the BLR,
which determines its RM-measured size, is different from the
flux inferred by a remote observer due to an unusual SED and/
or the anisotropy of the radiation emitted from the disk. This
possibility has been mentioned in the past with regards to the
covering factor and the level of ionization of the BLR. Netzer
(1987) presented a detailed model where the combination of an
angle-dependent SED of geometrically thin accretion disks (see
also Czerny & Elvis 1987; Li et al. 2010 for geometrically thick
parts of the disks), with an isotropic X-ray source, results in a
weaker ionizing continuum along the plane of the disk
compared with the pole-on direction. This will result in a
complicated angle-dependent level of ionization. The recent
work by Wang et al. (2014b) suggests that large SED
variations, especially in the ionizing luminosity as a function
of the polar angle, will be most noticeable in slim accretion
disks where the anisotropy of the disk is more extreme because
of self-shadowing effects. Such a geometry would lead to a
smaller emissivity-weighted BLR radius at large angles relative
to the polar axis. The second possibility is that much of the
effect is due to the change of the bolometric luminosity with
polar angle due to the reasons discussed above. This will
reduce the dust sublimation radius that has a large effect on the
measured RM size (see below). Obviously, the covering factor
of the BLR, which determines L Hb, and the anisotropy of the
Balmer line emission, could also affect these relationships.

The search for a direct ionizing luminosity indicator initiated
several attempts to replace L5100 by L Hb in the R L5100H -b
relationship because Hβ responds more directly to the ionizing
luminosity (e.g., Peterson et al. 1993). Kaspi et al. (2005)
show that this substitution had no affect on the deduced BLR
size. Similar ideas have been proposed by Wang & Zhang
(2003), Wu et al. (2004), and others. Our new observations
hint to the possibility that the changes in the L Hb relationship

relative to the relationship for the 3M <˙ group are smaller
than in the L5100 case. Unfortunately, the relatively small size
of the SEAMBH sample prevents us from quantifying these
ideas.

5.2. Accretion Disks and the Maximum Size of the BLR

5.2.1. Geometrically Thin Disks

Here we explore the possibility that the observed changes in
BLR as a function of Ṁ are due to the transition from thin
( 3M <˙ ) to slim ( 3Ṁ ⩾ ) disks. To start, we express the
measured Hβ lags in units of the gravitational radius,
R M M1.5 10g

5= ´ ( )· : cm. Since R l b
44H µb (Equation

(1)), and l M44
2 3 4 3Mµ ·

˙ (Equation (2), recast), we expect
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where we use Equation (5b). Equation (9) concisely mergers
the empirical R L5100H -b relation with the basic expectations of
geometrically thin disks.
We now defined a new parameter, Y m r7

0.29
H= b, which we

coin “the radius–mass parameter,” i.e.,

Y 1.9 10 . 104 0.35M= ´ ( )˙

We calculated this combined parameter for all sources in order
to test whether it depends on accretion rate. This test would
provide clues about the various modes of accretion and their
relationship with the size of the BLR.
Similar to the definition of R HD b in Section 4.3, we define
X X Xlog regD = ( ), where X is the measured value for

individual sources and Xreg is the value obtained for the group
from the regression analysis. In this section we consider two
cases, X r H= b and X Y= . The various tests performed on the
accretion rate groups are shown in Figure 5 and discussed
below.
Our first test for r Hb is performed on the two accretion rate

groups, 3M <˙ and 3Ṁ ⩾ . Figure 5(a) shows the r H M-b ˙
relation. For 3M <˙ objects, we find r 0.50 0.08

H Mµ o
b

˙ with
0.24ins = , which is steeper than expected (Equation (9)). By

contrast, r 0.35 0.12
H Mµ o
b

˙ for the 3Ṁ ⩾ group, consistent
with Equation (9). It is clear that the r H M-b ˙ relation is
markedly different for the two groups, suggesting that
SEAMBHs are physically distinct from sub-Eddington AGNs.

r HD b and its distributions are shown in the lower panels of
Figure 5(a). A KS test gives the probability of
p 1.3 10 3

KS
= ´ - and demonstrates the differences again for

the 3Ṁ ⩾ and the 3M <˙ groups. We suspect that the
deviations from the expected dependences on 0.35Ṁ are due to
the dependence on m7 in our sample that contain a large range
of BH mass.
Figure 5(b) shows the Y M- ˙ relation, which has much

smaller scatter than the r H M-b ˙ relation, for both groups. The

regression gives Y 0.41 0.07Mµ o˙ for the 3M <˙ group with
0.15ins = , which, within the errors, agrees well with

Equation (10) confirming the idea of thin accretion disks in
objects with 3M <˙ . The diagram clearly shows a change of
slope at a transition accretion rate of 3c 2Ṁ from a rising to
an almost horizontal constant (saturated) value. This transition
corresponds to a saturated-Y of Y 3 10sat

4~ ´ . This is
consistent with the idea that beyond this critical rate, which
we name cṀ , the central power-house is no longer a thin
accretion disk. Obviously, such a test could not be performed
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5. DISCUSSIONS

The new results presented here illustrate that the small scatter
in the earlier R L5100H -b relationships (Kaspi et al. 2005; Bentz
et al. 2013 and references therein), only applies to low
accretion rate AGNs, which, according to our definition, are
sources with 3M <˙ . The addition of high accretion rate
sources, those referred to as SEAMBHs, changes this picture.
The scatter increases and there is a clear, statistically significant
tendency for AGNs with higher accretion rates to show smaller
R Hb. Moreover, the deviation increases with Ṁ. This holds for
both L5100 and L Hb although the deviations are larger when

using the 5100 Å luminosity. The deviations are most notice-
able over the luminosity range where most SEAMBHs are
concentrated, between 1043 and few 10 erg s44 1´ - . Below we
explore the physical implications of the new results focusing on
the earlier suggestion (Paper II) that SEAMBHs are powered
by slim accretion disks with properties that are considerably
different from those of thin disks.

5.1. Ṁ and the Origin of the Shorter Time Lag

The deviations from the earlier R L5100H -b relationship raise
several interesting possibilities that can explain the new results.
The first possibility is that the ionizing flux reaching the BLR,
which determines its RM-measured size, is different from the
flux inferred by a remote observer due to an unusual SED and/
or the anisotropy of the radiation emitted from the disk. This
possibility has been mentioned in the past with regards to the
covering factor and the level of ionization of the BLR. Netzer
(1987) presented a detailed model where the combination of an
angle-dependent SED of geometrically thin accretion disks (see
also Czerny & Elvis 1987; Li et al. 2010 for geometrically thick
parts of the disks), with an isotropic X-ray source, results in a
weaker ionizing continuum along the plane of the disk
compared with the pole-on direction. This will result in a
complicated angle-dependent level of ionization. The recent
work by Wang et al. (2014b) suggests that large SED
variations, especially in the ionizing luminosity as a function
of the polar angle, will be most noticeable in slim accretion
disks where the anisotropy of the disk is more extreme because
of self-shadowing effects. Such a geometry would lead to a
smaller emissivity-weighted BLR radius at large angles relative
to the polar axis. The second possibility is that much of the
effect is due to the change of the bolometric luminosity with
polar angle due to the reasons discussed above. This will
reduce the dust sublimation radius that has a large effect on the
measured RM size (see below). Obviously, the covering factor
of the BLR, which determines L Hb, and the anisotropy of the
Balmer line emission, could also affect these relationships.

The search for a direct ionizing luminosity indicator initiated
several attempts to replace L5100 by L Hb in the R L5100H -b
relationship because Hβ responds more directly to the ionizing
luminosity (e.g., Peterson et al. 1993). Kaspi et al. (2005)
show that this substitution had no affect on the deduced BLR
size. Similar ideas have been proposed by Wang & Zhang
(2003), Wu et al. (2004), and others. Our new observations
hint to the possibility that the changes in the L Hb relationship

relative to the relationship for the 3M <˙ group are smaller
than in the L5100 case. Unfortunately, the relatively small size
of the SEAMBH sample prevents us from quantifying these
ideas.

5.2. Accretion Disks and the Maximum Size of the BLR

5.2.1. Geometrically Thin Disks

Here we explore the possibility that the observed changes in
BLR as a function of Ṁ are due to the transition from thin
( 3M <˙ ) to slim ( 3Ṁ ⩾ ) disks. To start, we express the
measured Hβ lags in units of the gravitational radius,
R M M1.5 10g
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44H µb (Equation

(1)), and l M44
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where we use Equation (5b). Equation (9) concisely mergers
the empirical R L5100H -b relation with the basic expectations of
geometrically thin disks.
We now defined a new parameter, Y m r7
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H= b, which we

coin “the radius–mass parameter,” i.e.,
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We calculated this combined parameter for all sources in order
to test whether it depends on accretion rate. This test would
provide clues about the various modes of accretion and their
relationship with the size of the BLR.
Similar to the definition of R HD b in Section 4.3, we define
X X Xlog regD = ( ), where X is the measured value for

individual sources and Xreg is the value obtained for the group
from the regression analysis. In this section we consider two
cases, X r H= b and X Y= . The various tests performed on the
accretion rate groups are shown in Figure 5 and discussed
below.
Our first test for r Hb is performed on the two accretion rate

groups, 3M <˙ and 3Ṁ ⩾ . Figure 5(a) shows the r H M-b ˙
relation. For 3M <˙ objects, we find r 0.50 0.08
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˙ with
0.24ins = , which is steeper than expected (Equation (9)). By

contrast, r 0.35 0.12
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˙ for the 3Ṁ ⩾ group, consistent
with Equation (9). It is clear that the r H M-b ˙ relation is
markedly different for the two groups, suggesting that
SEAMBHs are physically distinct from sub-Eddington AGNs.

r HD b and its distributions are shown in the lower panels of
Figure 5(a). A KS test gives the probability of
p 1.3 10 3

KS
= ´ - and demonstrates the differences again for

the 3Ṁ ⩾ and the 3M <˙ groups. We suspect that the
deviations from the expected dependences on 0.35Ṁ are due to
the dependence on m7 in our sample that contain a large range
of BH mass.
Figure 5(b) shows the Y M- ˙ relation, which has much

smaller scatter than the r H M-b ˙ relation, for both groups. The

regression gives Y 0.41 0.07Mµ o˙ for the 3M <˙ group with
0.15ins = , which, within the errors, agrees well with

Equation (10) confirming the idea of thin accretion disks in
objects with 3M <˙ . The diagram clearly shows a change of
slope at a transition accretion rate of 3c 2Ṁ from a rising to
an almost horizontal constant (saturated) value. This transition
corresponds to a saturated-Y of Y 3 10sat

4~ ´ . This is
consistent with the idea that beyond this critical rate, which
we name cṀ , the central power-house is no longer a thin
accretion disk. Obviously, such a test could not be performed
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without the new observational data from SEAMBH2012 and
SEAMBH2013. This is not entirely unexpected since previous
works specifies in the introduction to this paper, and explain in
more detail below, show that the SS73 disk model becomes
invalid above a certain accretion rate (e.g., Laor &
Netzer 1989).

5.2.2. The Transition Accretion Rate

Figure 6 shows the determination of the transition accretion
rate and the saturated-Y. To determine cṀ from the data, we
first test the dependence of the index b of the R L5100H -b
relation on cṀ , and find b 0.527 0.038, 0.528= ( o

0.030, 0.533 0.028o o ) for samples of objects with
3, 10, 20cM M = ( )˙ ⩽ ˙ . These changes are so small that we

decided to adopt b = 0.53 for all the groups. In order to obtain
cṀ and Ysat, we use the functional form13
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where Ysat, k0, and cṀ are to be determined by the data. We
make use of the Levenberg–Marquardt method to fit the entire
sample with the inclusion of error on Ṁ through Monte-Carlo
simulations (e.g., Press et al. 1992). In the fitting, we increase

the uncertainties of Y until 12c = . This gives

Y
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13.8 , 3.3 10 , and
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The value of k0 is consistent, within 2s, with the expected
value of 0.35, providing empirical support, from the basis of
RM experiments, for the geometrically thin disk model.

Figure 5. Black hole mass-scaled BLR and the radius–mass parameter vs. dimensionless accretion rate. In each panel, there are three plots to show their relation and
deviations. Correlations and probabilities of KS tests are marked in the plots. Panel (a) shows that the 3M <˙ sample has a steeper correlation than that given by
Equation (9). Panel (b) shows that SEAMBHs deviate from this relation and that Y is independent of Ṁ. Clearly Y behaves in a different way in the two accretion rate
groups.

Figure 6. Determination of the saturated-Y and the transition accretion rate. We
find Y 0.27 0.04Mµ o˙ , supporting the SS73 disk model below cṀ and
saturation beyond the numbers listed inside the panel supporting the idea of
slim accretion disks in SEAMBHs. The outlier with large error bars is NGC
7469 (see Table 7).

13 We also tried to fit the data with a broken power law,
Y Y 1k

c
k

sat
11 2M M M= [ + ( ) ]-˙ ˙ ˙ , where k1, k2, Ysat, and cṀ can be obtained

from the fit. This did not result in a satisfactory fit. The reasons are: (1.) Many
more objects with low Ṁ regardless of the exact value of cṀ . (2.) The overall
range in Ṁ for low accretion rate sources (more than 3.5 dex) is much larger
than for high accretion rate sources (less than 1.5 dex).
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標準円盤の予測 
と誤差の範囲で一致

Saturation！

The analysis shows high uncertainty on the value of cṀ .
This is due to the limited numbers of objects with 13.8M >˙
(13 objects). The precision we can determine the values of

cṀ and Ysat would most likely improve when large samples of
high accretion rates become available.

5.2.3. Slim Accretion Disks

To understand the dependence of the radius–mass parameter
on the accretion rates, we need to consider the properties of
slim accretion disks. Such disks are the result of the increasing
mass accretion flow through a thin accretion disk which leads
to a build-up of radiation pressure close to the BH, the
thickening of the disk, and the trapping of the photons that are
trying to escape from these regions. Such systems have been
discussed in numerous papers (e.g., Abramowicz et al. 1988;
Wang & Zhou 1999; Mineshige et al. 2000; Watarai
et al. 2001; Sadowski 2009). The general result obtained from
these studies is a simple dependence of the bolometric
luminosity of the system linearly on the BH mass and only a
weak logarithmic dependence on the mass accretion rate (so
called “saturated luminosity”). The characteristic saturated
bolometric luminosity can be expressed as (Mineshige
et al. 2000; Watarai et al. 2001)

L ℓ L1 ln , for , 13c cBol 0 EddM M M M( ) ( )= é
ëê + ù

ûú ( )˙ ˙ ˙ ⩾ ˙

where ℓ 2 30 = ~ and 20cM ~˙ . The uncertainties on ℓ0 and
cṀ depend on the details of the vertically averaged equations

of slim disks. Calculations of emergent spectra of slim
disks show that L M5100

2 3 4 3Mµ ·
˙ very similar to the SS73

disk, whereas the hydrogen ionizing luminosity
(L L dion 13.6eV

��ò=
¥

, where ϵ is photon energy) increases with
Ṁ much slower than L5100 (Wang et al. 1999, 2014b;
Mineshige et al. 2000; Watarai et al. 2001) and, for small to
intermediate size BHs, L Lion Bol» for large Ṁ, showing a
characteristic saturation of L ion with Ṁ. A canonic spectral
energy distribution, L exp1

0� � �� µ (- )- , is expected from
the photon trapping part of slim disks, where 0� is the cut-off
energy determined by the maximum temperature of the disk.
Such a SED follows from a temperature distribution of
T Reff

1 2µ - , where R is the radius. This is significantly flatter
than that in the SS73 disk (Wang & Zhou 1999; Mineshige
et al. 2000).

The calculations of the structure and emitted spectrum of
slim accretion disks are very challenging because of the
complicated coupling between structure and radiation transfer.
The classical model (Abramowicz et al. 1988) uses the
vertically averaged equations (their validity regimes were
discussed by Gu & Lu 2007; Cao & Gu 2015), which probably
underestimate photon trapping effects (Ohsuga et al. 2002).
The model neglects the time delay between energy generation
around mid-plane and photon escaping from the surface of the
disks. Therefore, both the saturated luminosity and the
transition accretion rates are not well determined by theory.
Numerical simulations of slim disks show different, perhaps
more realistic properties, but the agreement between 2D fully
general relativistic (Sadowski et al. 2014) and 3D magnetohy-
drodynamic calculations (Jiang et al. 2014) is not very good. In
particular, in 3D simulations, the inclusion of vertical
transportation of radiation fluxes driven by magnetic buoyancy

significantly increases the output power of radiation from slim
disks. However, such a process could be greatly suppressed by
the fast radial motion of the accretion flows so that the radiation
remains at a level of low efficiency as the classical model
(Abramowicz et al. 2013). The detailed discussion of these
theoretical issues is beyond the scope of this paper. Here we
focus on the attempt to use our new sample in order to
qualitatively compare with the saturated luminosity and the
transition accretion rates. Quantitative comparison with models
of slim disks is given in a forthcoming paper.
The best measured value of Ysat (Equation (12)) results in

two expressions for the critical BLR size,

r m

R m

3.3 10 ; or

H 18.8 ltd, 14
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H
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which are independent of the accretion rates for AGNs with
c2M M˙ ˙ . In the context of photoionization, the critical BLR

size corresponds to a saturation of the ionizing luminosity, and/
or the bolometric luminosity. In particular, the small scatter of
Ysat indicates that the scatter of the saturated luminosity is small
in the current SEAMBH sample. Obviously, the Y -saturation
qualitatively supports the saturated luminosity shown by
Equation (13), but Equation (14) provides a quantitative way
to test theoretical models and numerical simulations of slim
disks. The ultimate test for this finding will be performed once
there are enough objects with the same BH mass with directly
measured R Hb.
While the uncertainty on the preferred value of the transition

accretion rate is large, because of the small number of objects,
it is clear that the value obtained from fitting our sample is
considerably lower than 50cM =˙ preferred by Mineshige
et al. (2000), but covers 20cM =˙ within the error bar given
by Watarai et al. (2001). It has been suggested that the classical
slim disk models may have underestimated the effects of
photon trapping. In fact, 10c 1Ṁ is predicted by model A of
Ohsuga et al. 2002; their Figure 1). In this model, it is assumed
that most of dissipated gravitational energy is released in the
mid-plane and the vertical structure of gas density is presumed;
however, this assumption is not self-consistent. We also note
that the minimum accretion rates of 3minM =˙ used by us to
define SEAMBHs is outside the range found here. However,
there must be a smooth transition from thin to slim disks and a
relatively large range in Ṁ from linear dependence on 0.35Ṁ
to full saturation.
In summary, the Y -saturation measured from RM experi-

ments provides a new tool to test the physics of accretion onto
BHs. We find that the current data support both sides of disk
paradigm, from thin disks with the expected dependence on
mass and accretion rate, to slim disks with their expected
saturation.

5.2.4. The Maximum Size of the BLR

We can also calculate the maximum expected dimensionless
radius, r Hb, using pure observational considerations. For this we
use Equation (3) and the definition of r Hb from Equation (9).
This gives r R R f c Vg

1
FWHM

2
H H BLR

= = ( )-
b b . This allows us to

use the smallest observed Hβ line width to derive a mass-
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• AGN降着円盤のMHD simulation。 

• かねてからの大問題であった、α-parameterの値が、たしかに観測
が示唆している~0.1であることを示した。
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ABSTRACT

We present the results of three-dimensional global resistive magnetohydrodynamic (MHD) simulations of
black hole accretion flows. General relativistic effects are simulated by using the pseudo-Newtonian
potential. The initial state is an equilibrium model of a torus threaded by weak toroidal magnetic fields. As
the magnetorotational instability (MRI) grows in the torus, mass accretes to the black hole by losing angular
momentum.We found that in the innermost plunging region, nonaxisymmetric accretion flow creates bisym-
metric spiral magnetic fields and current sheets. Mass accretion along the spiral channel creates one-armed
spiral density distribution. Since the accreting matter carries in magnetic fields that are subsequently
stretched and amplified as a result of differential rotation, current density increases inside the channel.
Magnetic reconnection taking place in the current sheet produces slow-mode shock waves that propagate
away from the reconnection site. Magnetic energy release in the innermost plunging region could be the
origin of X-ray shots observed in black hole candidates. Numerical simulations reproduced soft X-ray excess
preceding the peak of the shots, X-ray hardening at the peak of the shot, and hard X-ray time lags.
Subject headings: accretion, accretion disks — black hole physics — MHD

1. INTRODUCTION

Magnetic fields play essential roles in various activities
associated with accretion disks. The most important role is
angular momentum transport, which enables the accretion
of the disk material. Since Balbus & Hawley (1991) pointed
out the importance of the magnetorotational instability
(MRI) in accretion disks, the nonlinear growth of the insta-
bility has been studied by local three-dimensional magneto-
hydrodynamic (MHD) simulations (e.g., Hawley, Gammie,
& Balbus 1995; Matsumoto & Tajima 1995; Brandenburg et
al. 1995) and global MHD simulations (e.g., Armitage 1998;
Matsumoto 1999; Hawley 2000; Machida, Hayashi, &
Matsumoto 2000).

When general relativistic effects are taken into account,
accretion flow in the innermost region of black hole accre-
tion disks changes from a circularly rotating flow to a radi-
ally infalling flow. There exists some radius below which
almost all energy is advected inward into the black hole.
The radial flow is transonic around the last stable orbit.
Steady models of black hole accretion disks including this
transonic region were constructed under the prescription of
!-viscosity for optically thick disks (Muchotrzeb & Paczyń-
ski 1983; Matsumoto et al. 1984; Abramowicz et al. 1988)
and for optically thin disks (e.g., Matsumoto, Kato, &
Fukue 1985; Narayan, Kato, & Honma 1997). Global
three-dimensional MHD simulations of black hole accre-
tion flows have been carried out by Hawley (2000, 2001),
Hawley & Krolik (2001), Haley, Balbus, & Stone (2001),
Armitage, Reynolds, & Chiang (2001), Reynolds & Armit-
age (2001), Hawley & Krolik (2002), Hawley & Balbus
(2002), and Krolik & Hawley (2002) by using the pseudo-
Newtonian potential (Paczyński & Witta 1980). In black

hole accretion flows, they reproduced radial flow profiles
similar to those obtained by assuming the phenomenologi-
cal !-viscosity. Hawley & Krolik (2001) showed that the
ratio of stress to pressure, which corresponds to the !-
parameter in conventional disk models, exhibits both sys-
tematic gradients and large fluctuations; it rises from 10!2 in
the disk midplane at large radius to "10 near the midplane,
well inside the marginally stable radius. Thus the efficiency
of angular momentum extraction in the plunging region
can be larger than that in transonic disk models (see also
Reynolds &Armitage 2001).

Another important mechanism in the innermost region of
black hole accretion flow is the magnetic reconnection,
which can release magnetic energy even inside the margin-
ally stable radius. In differentially rotating disks, magnetic
fields are stretched and amplified as a result of differential
rotation. When uniform horizontal field threads an accre-
tion disk, for example, magnetic fields twisted by differential
rotation create current sheets, which are subject to magnetic
reconnection. Tajima & Gilden (1987) carried out MHD
simulations of the formation of current sheets and magnetic
reconnection in accretion disks. They applied the mecha-
nism to quasi-periodic oscillations of dwarf novae. Sano &
Inutsuka (2001) carried out three-dimensional local MHD
simulations of MRI and showed quasi-periodic release of
magnetic energy in accretion disks.

In our previous papers (Machida, Hayashi, & Matsu-
moto 2000; Kawaguchi et al. 2000; Machida et al. 2001), we
showed the development of turbulent magnetic fields and
current sheets in accretion disks using three-dimensional
global MHD simulations assuming ideal MHD. By evaluat-
ing the magnetic energy released from the current distribu-
tion obtained by ideal MHD simulations, Kawaguchi et al.
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The Maxwell stress in Figure 5b shows spikes similar to
those observed in local simulations. Sano & Inutsuka (2001)
used local three-dimensional resistive MHD simulations to
show that these spikes are created by current dissipation in
channel flows that appear in the nonlinear stage of the
MRI. Although the BSS magnetic fields that appear in our
simulation are not exactly the same as channel flows in a
disk initially threaded by vertical magnetic fields, the BSS
fields have current layers where the magnetic field lines
change their direction. Magnetic reconnection can take
place in such current layers. We call this region the BSS
channel.

Figure 6 shows the distribution of density, pressure,
radial velocity, and specific angular momentum near the
equatorial plane averaged azimuthally, vertically
(0 < z < 0:3), and in time. The solid and dashed curves
show average in 29; 000 < t < 31; 000 and 28; 000 <
t < 29; 000, respectively. Around $ ’ 10, the radial struc-
ture changes from a dense torus to an accreting disk
(Fig. 6a). The equatorial density increases with time
because the torus flattens. Figure 6b shows the averaged
gas pressure and the magnetic pressure. In the innermost
region (2 ! $ ! 3), magnetic pressure is about 30% of
the gas pressure. Figure 6c shows the distribution of the
radial velocity. In the inflowing region ($ ! 10), the
radial velocity is roughly proportional to $"3 and
exceeds 0:1c around the radius of marginally stable orbit
($ # 3). The radial velocity in the outer region ($ > 10)
is much smaller than the sound speed. Figure 6d shows
the specific angular momentum averaged in the vertical
direction, in the azimuthal direction, and in time. The
dotted curve shows the Keplerian angular momentum
distribution. Although the distribution of initial angular
momentum is uniform, the angular momentum distribu-

tion becomes nearly Keplerian in the radial range
3 < $ < 100.

Figure 7 shows the time development of the density aver-
aged azimuthally and vertically (0 ! z ! 0:3). The color
scale shows the logarithmic density, the range of which is
"0.5 (blue) ! log ! ! 0 (pink). The interface between the
circularly rotating dense disk and radially infalling flow
(blue region) moves inward from $ ’ 30 at t # 24; 000 to

Fig. 4.—Three-dimensional magnetic field structure at t ¼ 30; 590. The
white curves showmagnetic field lines, the blue surface shows the isosurface
of the density (! ¼ 0:4), and the yellow plane shows the contour of the
equatorial density. The size of the box is"10 ! x ! 10,"10 ! y ! 10, and
"10 ! z ! 10.

Fig. 5.—(a) Time developments of the volume-averaged plasma
" % hPi=hB2=8#i. (b) Time developments of the ratio of the volume-
averaged Maxwell stress to pressure, $B % "hB$B’=4#i=hPi. (c) Time
developments of the accretion rate at$ ¼ 2:5rg. The solid curves show the
average in the inner region 4 ! $ ! 10 and 0 ! z ! 1. The dotted curves
show the average in the outer region of the disk, 20 ! $ ! 40, and
0 ! z ! 3.
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Figure 5. Posterior probability distributions of (a) the intrinsic scatter (σint)
and (b) the correlation coefficient (ρ), for the Mdense/MBH–ṀBH (green, verti-
cal filling line) and Mdense–ṀBH (magenta, horizontal filling line) regressions,
respectively. The former correlation shows a smaller σint and a higher ρ than
the latter one. The width of each bin is fixed to 0.05 in these plots. See details
of the derivation in Section 3.

not be formed unless the gas becomes gravitationally unsta-
ble. Therefore, we estimate a radius at which the Toomre-Q
parameter (e.g., Toomre 1964) becomes unity, i.e.,

Q ≡ κ(r)cs

πGΣdense
= 1, (7)

where κ is the epicyclic frequency, cs (∼ 1 km s−1) is the
sound speed, and G is the gravitational constsnt. The gas sur-
face density is an averaged value as Σdense ∼ Mdense/πr2

out. We
guide readers to Kawakatu & Wada (2008) for the further de-
tails. The radius rQ in Table 4 is derived in this way. Using
these two radii, we regard the effective innermost radius as
rin,eff = max[rX, rQ]. To obtain C∗, we used SFR measured
with a comparable aperture to that of the synthesized beam of
HCN(1-0) observation, as C∗ = SFR/Mdense. This SFR was es-
timated with the 11.3 µm PAH emission (Diamond-Stanic &
Rieke 2012; Esquej et al. 2014). Because of the mechanism
invoked by the model, we regard there is no star formation

inside rin,eff.
Following the above description, now we estimate Ṁacc

with Equation (6), which is tabulated in Table 4. The uncer-
tainty is assumed to be primarily driven by that of Mdense/MBH
for simplicity. Figure 6 compares the model predicted Ṁacc
and the observed ṀBH. Indeed, there seems to be a posi-
tive correlation between these two rates. One can find Ṁacc
∼ ṀBH in NGC 7469 and NGC 3227, indicating most of the
mass accreted from their rin,eff goes to the black hole accre-
tion. Contrary to these, ṀBH is only ∼ 10% or less in NGC
1097 and NGC 4051, respectively. Hence, only a certain frac-
tion of the accreting gas from the CND is used to grow the
SMBH in these galaxies. Apart from the uncertainty in each
parameter, it is likely that nuclear winds blow away the rest
fraction of mass from the CND at the rate of Ṁwind. In this
scenario, if the nuclear mass flow can be solely ascribed to
either the black hole accretion or the winds, the following re-
lation should hold:

Ṁacc ≃ ṀBH + Ṁwind ≡ Ṁnuclear. (8)

This situation is schematically described in Figure 7.
For NGC 7469 and NGC 4051, Ṁwind are fortunately found

in the literature (Table 4). Note that only the winds ob-
served as X-ray/UV warm absorber are considered here be-
cause these components are highly likely to be located at the
close vicinity of the accretion disks. On the other hand, AGN
winds observed at atomic or molecular lines are emanated
from regions far outside the broad line region, of which Ṁwind
are substantially loaded by the surrounding ISM. At last, we
compare Ṁacc with Ṁnuclear in Figure 8. We assume that the
uncertainty in ṀBH dominates that of Ṁnuclear. From Figure 8,
it is remarkable that NGC 7469 and NGC 4051 exhibit excel-
lent agreements of ṀCND ∼ Ṁnuclear. With these results, we
therefore suggest that the nuclear regions (i.e., ∼ 100 pc to
sub-pc) of these two Seyfert galaxies are in the (quasi-) steady
state as indicated in Equation (8), and now we are likely dis-
solving that balance of mass flow. The excellent match sup-
ports the validity of the turbulent accretion model of CNDs
driven by SN explosions as the driving mechanism of gas
fueling further inward, into the scale of the accretion disk.
However, as these are tentative results based on the simpli-
fied speculation above, high resolution observations of dense
molecular gas with ALMA to accurately measure Σdense, as
well as, e.g., high spectroscopic observations of nuclear wind
components, are highly desirable to further confirm this view.

5.3. Comments on the time scale of accretion
The viscous time scale from the radius r of the CND (τvis)

can be determined by the viscous coefficient νt as

τvis =
r2

νt
=

r2

αSNvt(r)h(r)
(9)

Putting r = 30 pc, vt(r = 30 pc) = 50 km s−1, h(r = 30 pc)
= 30 pc typically observed in H2 1-0 S(1) disks (Hicks et al.
2009) and αSN = 1, we obtain τvis ∼ 1 Myr. This is a com-
parable value to the dynamical time because the gas particle
whose angular momentum was efficiently removed by SN-
driven turbulence will almost straightly accrete to the center.

On the other hand, using the free fall time from the radius r
to the center (τff), the viscous time scale at the accretion disk
is

τvis ∼
τff

αdisk(h/r)2 , (10)



• Optically elusive AGNの数と、light travel timeの推定から、AGN
の1-episodeの持続時間を調べた (Swift/BAT + SDSS)。
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ABSTRACT
We present an observational constraint for the typical active galactic nucleus (AGN) phase
lifetime. The argument is based on the time lag between an AGN central engine switching on
and becoming visible in X-rays, and the time the AGN then requires to photoionize a large
fraction of the host galaxy. Based on the typical light travel time across massive galaxies,
and the observed fraction of X-ray-selected AGN without AGN-photoionized narrow lines,
we estimate that the AGN phase typically lasts ∼105 yr. This lifetime is short compared to
the total growth time of 107–109 yr estimated from e.g. the Soltan argument and implies that
black holes grow via many such short bursts and that AGN therefore ‘flicker’ on and off. We
discuss some consequences of this flickering behaviour for AGN feedback and the analogy of
X-ray binaries and AGN lifecycles.

Key words: galaxies: active – quasars: general – galaxies: Seyfert.

1 IN T RO D U C T I O N

When the massive black holes in galaxy centres accrete, they be-
come visible as quasars or active galactic nuclei (AGN). The energy
liberated by accretion episodes is thought to be a critical regulatory
mechanism in galaxy evolution (e.g. Sanders et al. 1988; Silk & Rees
1998). But how exactly does this connection operate? Amongst the
most basic unknowns is the time-scale on which the AGN phase
operates. Indirect measurements of the typical AGN phase are on
the order of 107–109 yr (e.g. Martini & Weinberg 2001; Marconi
et al. 2004). Taking the local relic black hole mass density and
comparing it to the total light emitted by quasars and assuming a
reasonable radiative efficiency yields such long (107–109 yr) total
accretion time-scales (Soltan 1982; Yu & Tremaine 2002; Marconi
et al. 2004). This does not constrain however whether the entire
mass growth consists of a single accretion phase, or is broken up
into shorter phases.

AGN variability has been observed on short time-scales all the
way out to multiple decades (e.g. Ulrich, Maraschi & Urry 1997).
The natural time-scales of the AGN central engine however are
significantly longer than human time-scales. This leaves a major
gap on the time-scale domain on which we can easily study AGN
variability: we can see AGN vary on human time-scale, and we can
constrain the total growth time using statistical arguments.

In this paper, we present an observational argument for why
nearby AGN – and perhaps all AGN – switch on rapidly (∼104 yr)
and ‘stay on’ for ∼105 yr before switching off. In order to reconcile
this result with previous measurements of AGN lifetimes, we argue

⋆ E-mail: kevin.schawinski@phys.ethz.ch (KS); mike.koss@phys.ethz.ch
(MK); lia.sartori@phys.ethz.ch (LFS)

that AGN flicker in a ∼105 yr cycle resulting in the total 107 − 9 yr
lifetime. We therefore begin to fill in AGN variability between the
two extremes.

Breaking up the accretion phases of AGN into many short ∼105

yr phases has implications beyond the fact that massive black holes
assemble their mass via a large number of individual bursts. Many
short phases also means that the AGN central engine swings back
and forth between different accretion states. During high-Eddington
phases, the AGN will produce predominantly radiative energy and
will be visible as a classical quasar or AGN. During the low-
Eddington phases, the bulk of the energy is in the form of kinetic
energy (Done, Gierliński & Kubota 2007; Alexander & Hickox
2012). In this low-Eddington phase, the AGN is harder to detect,
but may still inject (kinetic) energy into the host galaxy. Thus, a full
accounting of the AGN lifecycle and the different modes in which
an AGN interacts the host galaxy may be vital to a full description of
AGN feedback and the galaxy–black hole connection. Ultimately,
we will need constraints on the full power spectrum of AGN from
days to several Gyrs to understand how black holes influence their
surrounding galaxies.

In this paper, we outline the argument for a short AGN lifetime
and discuss some implications for our understanding of the galaxy–
black hole connection and feedback.

2 A NA LY SIS

In this section, we outline our new framework of how existing
observations can constrain the duration of an individual AGN phase
to ∼105 yr, present these observations, and then give an order of
magnitude calculation.

C⃝ 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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AGN flickering 2519

Figure 1. A schematic of the life cycle of AGN. Once the black hole starts accreting (a), the central engine begins emitting in X-rays, but the extended
photoionized region on the scale of the galaxy has not yet been lit up; this is the XBONG phase. After the AGN central engine has photoionized the ISM of
the galaxy, the AGN is visible as a ‘normal’ AGN with both nuclear X-ray emission and a galaxy-scale NLR. When the black hole stops accreting, the nucleus
stops emitting X-rays, but the light echo from the AGN phase may still travel across the galaxy and to gas reservoirs beyond the galaxy: the galaxy may appear
as a Voorwerpje. This cycle may repeat many times to make up a significant black hole growth episode.

AGN detected by Swift Burst Alert Telescope (BAT) in the foot-
print of the Sloan Digital Sky Survey (SDSS) in the redshift interval
0.0165 < z < 0.4 (Abazajian et al. 2009; Baumgartner et al. 2013).
Using emission line diagnostics, we find that 6 out of 107 AGN,
5.6 per cent are classified as composite, meaning they are a mixture
of AGN and star formation. We show the resulting classical Baldwin
et al. (1981) [O III]/H β versus [N II]/H α diagram in Fig. 2.

Figure 2. Emission line ratio diagrams for a sample of local hard X-ray-
selected AGN observed by Swift-BAT and the SDSS in the redshift range
0.0165 < z < 0.4. 6 out of 107 AGN do not show an NLR yielding an
XBONG fraction of 5.6 per cent. This fraction is comparable to those seen
in other studies (La Franca et al. 2002; Hornschemeier et al. 2005; Smith
et al. 2014).

The SDSS fibres cover the nuclear region of the BAT AGN
host galaxies so in our framework, the AGN in these galaxies just
switched on and has begun to photoionize the nuclear region, but
has not yet overwhelmed the star formation lines. Our measure-
ment is consistent with that of Smith et al. (2014) of a similar
sample of Swift-BAT AGN, as well as with previous reports de-
spite the heterogeneous nature of samples, selection techniques and
definitions.

2.2.2 Compilation of NLR sizes

The switch-on time can be derived from the physical scale of the
NLR, which to zeroth order scales as the half-light radius of the host
galaxy. What do observations show is that the NLRs of luminous
AGN are large and at least on scales of several kpc (e.g. Schmitt
et al. 2003). Long-slit spectroscopy of obscured AGN by Hainline
et al. (2014) shows that the NLR reaches the physical scale of the
entire host galaxy as the AGN luminosity increases and tops out,
leading to a flattening of the relationship between NLR size and
AGN luminosity. Integral field unit studies of AGN host galaxies
similarly show large-scale NLRs (McElroy et al. 2015). Based on
these observations of NLR sizes, we can take the half-light radius
of the host galaxy of a luminous AGN as a reasonable proxy for the
expected NLR size.

For this paper, we take the typical half-light radius of the Swift-
BAT AGN host galaxy sample of ∼5 kpc, which corresponds to
∼16 000 light years. To be conservative, we assume that the typical
radius of the NLR is somewhat smaller and take a switch-on time
of ∼10 000 yr.

MNRAS 451, 2517–2523 (2015)
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2.1 Framework

Consider the case of a central black hole in a star-forming galaxy.
When the black hole begins accreting, it become visible virtually in-
stantaneously as a nuclear source. The accretion disc and surround-
ing material begin emitting at optical and ultraviolet wavelengths,
and the hard X-rays will escape the nuclear region even at very
high levels of obscuration. As the AGN phase continues in time,
photons from the central engine begin to photoionize the interstellar
medium (ISM) of the host galaxy. Due to the geometry of obscuring
medium, or torus, the photoionized region usually manifests itself
as an ionization cone (Malkan, Gorjian & Tam 1998). Once these
galaxy-scale-photoionized narrow-line regions (NLRs) are estab-
lished, the host galaxy can be identified as an AGN as the central
engine dominates the photoionization budget of the host galaxy
(Baldwin, Phillips & Terlevich 1981; Veilleux & Osterbrock 1987).
The NLR is therefore the part of the host galaxy ISM whose emis-
sion lines are driven by AGN photoionization. The most prominent
AGN line seen in optical spectra is the [O III] λ5007 line, though
usually a series of line ratio diagnostics is used. Higher ionization
coronal lines are often also found.

From this setup, it follows that there is a significant time delay
between the start of accretion in the AGN central engine and the
time the host galaxy exhibits AGN-like line ratios. To zeroth order,
this time delay is on the light travel time from the nucleus to the
half-light radius of the host galaxy. Naturally, the properties of the
ISM would be an important first-order effect in this time delay as
the complex physics of photoionization kicks in, but we believe that
estimating the switch-on time using the light travel time across the
host galaxy is the dominant effect. As the AGN photoionization
travels across the host galaxy, AGN lines become stronger and
more apparent over those driven by star formation and shocks in the
galaxy, and to the host galaxy spectrum may begin to move into the
‘composite’ region on emission line diagrams. Ultimately, the AGN
will photoionize the ISM and the host galaxy will be classified as a
regular AGN.

The non-trivial light travel time of the AGN radiation across
the host galaxy thus constrains the lifetime of the AGN phase in a
statistical sense. Assuming that those AGN host galaxies in a (hard)
X-ray-selected AGN sample whose spectra show either pure star
formation or composite AGN+star formation lines are those which
just switched on, then the combination of the fraction and the light
travel time across the host galaxy yields a lifetime for the AGN
phase:

tAGN phase = time to photoionize host galaxy
fraction of optically elusive AGN

. (1)

In order to measure the typical duration of the AGN phase, we
require estimates of the fraction of the AGN population lacking
AGN lines (the optically elusive AGN or XBONGs) and the typical
size of the NLR. We caution that this estimate is only true in a
statistical sense as it is derived from population statistics, and that
there are likely many systematics in both quantities – we discuss
those systematics later.

At a later time, once the black hole stops accreting, the ISM
may continue producing AGN-like lines as the light echo from
the past AGN travels out across the galaxy. At the largest scales,
these light echoes have been seen as the quasar light echo ‘Hanny’s
Voorwerp’ near IC 2497, and the Voorwerpjes (little Voorwerps;
Lintott et al. 2009; Rampadarath et al. 2010; Keel et al. 2012a,b) as
well as in some quasars (Schirmer et al. 2013; Davies, Schirmer
& Turner 2015). These Voorwerps constrain the ‘shut-down’

Table 1. Literature measurements of ‘optically elusive’ and XBONG
fractions.

AGN/galaxy Optically elusive Reference
sample fraction

BeppoSAX 4 per cent La Franca et al. (2002)
Chandra+SDSS 6 per cent Hornschemeier et al. (2005)
Swift-BAT 6 per cent Smith, Koss & Mushotzky (2014)
Swift-BAT 5.6 per cent This work

time-scale to 104–105 yr via the geometry of their spatial extent
and the recombination time-scale of the narrow line emission.

We illustrate this AGN phase life cycle in a schematic form in
Fig. 1.

2.2 Observations

2.2.1 Compilation of ‘optically elusive’ AGN fractions from the
literature

If the life cycle for AGN phases outlined is correct, then the switch-
on phase has already been seen: X-ray-selected AGN with host
galaxies lacking obvious AGN lines. There is some diversity in
terminology and definition of these objects in the literature. These
AGN host galaxies can be described as ‘optically elusive’ or ‘op-
tically dull’ AGN or as XBONGs (X-ray bright, optically normal
galaxies1). These classes can sometimes contain AGN host galax-
ies which are red and dead and therefore do not have a sufficient
cold ISM to photoionize and produce strong lines, but these objects
make up a minority. Such AGN host galaxies have been reported
repeatedly in the literature in a variety of surveys (Comastri et al.
2002; Moran, Filippenko & Chornock 2002; Maiolino et al. 2003;
Georgantopoulos & Georgakakis 2005; Rigby et al. 2006; Caccian-
iga et al. 2007; Cocchia et al. 2007; Smith et al. 2014). Independent
of selection and definition, the fraction of such host galaxies is con-
sistently around the ∼5 per cent level as reported by various teams;
we report these values in Table 1.

While the details of how AGN are selected on emission line
diagrams vary, they share generic features which go back to the
original Baldwin et al. (1981) and Veilleux & Osterbrock (1987)
which separate star-forming galaxies, AGN, and other non-stellar
ionization sources using line ratios. The most common diagram –
and the one we use in this paper – is the standard [O III]/H β versus
[N II]/H α diagram. Star-forming galaxies are separated using an
empirical line of Kauffmann et al. (2003). The ‘composite’ region
where star formation and shocks can mix extends all the way to
the extreme starburst line of Kewley et al. (2001). Seyfert AGN
and LINERs (low-ionization nuclear emission regions) beyond the
extreme starburst line can further be separated (Kewley et al. 2006;
Schawinski et al. 2007). In general, AGN photoionized galaxies
are identified by having high [O III]/H β line ratios, with a second
line ratio such as [N II]/H α separating out other processes such as
shocks and evolved stellar populations.

For this paper, we add an independent measurement of the ‘op-
tically elusive’ fraction. We take the sample of hard X-ray-selected

1 The nomenclature for such objects is not uniform. Some studies reserve the
term ‘XBONG’ for X-ray-selected AGN with host galaxies which show no
emission lines, as opposed to showing emission lines excited by processes
other than AGN.

MNRAS 451, 2517–2523 (2015)
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~10000年

~5%

→ ~1e5年!!
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• 得られた結果は~1e5年と短い！ 

• Soltan’s argumentで決まる時間は、
1e8-9年(e.g., Marconi+04, MNRAS, 351, 

169)なので、AGNは>1000回
の”flickering”を経験しているようだ。 

• Simulationも同様の結果を再現
（Novak+11; 左図）。 

• AGN-hostのconnectionの大きな分散
@high-zを説明できる(Hickox+14, ApJ, 

782, 9)。

2522 K. Schawinski et al.

Figure 3. On the left, we show a simulated AGN light curve from Novak, Ostriker & Ciotti (2011). The top panel covers a 250 Myr AGN phase subdivided
into many shorter ∼105 yr bursts. The middle and bottom panels show zoom-ins of this light curve. This simulated light curve illustrates how the growth
history of this black hole is made up of numerous short near-Eddington bursts lasting ∼105 yr. On the right, we show a schematic view of an accreting massive
black hole following the illustration of Done et al. (2007) for X-ray binaries and adapted for AGN by Alexander & Hickox (2012). During the high-Eddington
peaks (a), the black hole shines as an Seyfert/quasar with an optically thick, geometrically thin Shakura & Sunyaev (1973) disc, while during low-Eddington
troughs ( b), the black hole transitions to a more geometrically thick, optically thin accretion flow (e.g. Narayan & Yi 1994).

the 4000 Å break have even worse time resolution. This mismatch
in time-scales may explain why it is so difficult to link AGN to
galaxy evolution, and suppression of star formation in particular.
The AGN lives and acts of a much shorter time-scale than can be
reconstructed from stellar populations.

3.5 The Milky Way black hole

The recent activity of the black hole in the Milky Way centre can
be revisited in light of a short AGN flickering cycle. X-ray light
echoes in the Galactic Center show moderate-luminosity flares in
the last few centuries (Revnivtsev et al. 2004; Ponti et al. 2010),
though these were likely too short and not sufficiently luminous to
generate narrow lines across the Milky Way. Bland-Hawthorn et al.
(2013) show that the Magellanic Stream near the Milky Way was
photoionized by an AGN event in the Galactic centre some 1–3 Myr
ago, and the duration of the burst is estimated to be 100–500 kyr –
the same order of magnitude as the lifetime derived in this paper.
Bland-Hawthorn et al. (2013) propose this Galactic Center outburst
as the cause of the Fermi bubble (Su, Slatyer & Finkbeiner 2010). If
this is the case, the flickering cycle exhibited by other AGN should
leave similar remnants as the Fermi bubble around other galaxies
as their black holes switch on and off.

4 SU M M A RY

We have presented an observational constraint for the typical AGN
phase lifetime. The argument is based on the time lag between an

AGN central engine switching on and becoming visible in X-rays,
and the time the AGN then requires to photoionize a large fraction of
the host galaxy. Based on the typical light travel time across massive
galaxies, and the observed fraction of X-ray-selected AGN without
AGN-photoionized narrow lines, we estimate that the AGN phase
typically lasts ∼105 yr. This short lifetime implies that black holes
grow via many such short bursts and that AGN therefore ‘flicker’ on
and off. We discuss some consequences of this flickering behaviour
for AGN feedback and the analogy of X-ray binaries to AGN.
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• X線観測とIR観測の不一致の解消のため、neutral torusを導入

R.Davies et al. 2015, ApJ, 806, 127

INSIGHTS ON THE DUSTY TORUS AND NEUTRAL TORUS FROM OPTICAL AND X-RAY OBSCURATION
IN A COMPLETE VOLUME LIMITED HARD X-RAY AGN SAMPLE

R. I. Davies1, L. Burtscher1, D. Rosario1, T. Storchi-Bergmann2, A. Contursi1, R. Genzel1, J. Graciá- Carpio1, E. Hicks3,
A. Janssen1, M. Koss4, M.-Y. Lin1, D. Lutz1, W. Maciejewski5, F. Müller- Sánchez6, G. Orban de Xivry1, C. Ricci7,8,

R. Riffel2, R. A. Riffel9, M. Schartmann10, A. Schnorr- Müller1, A. Sternberg11, E. Sturm1,
L. Tacconi1, and S. Veilleux12

1 Max-Planck-Institut für extraterrestrische Physik, Postfach 1312, D-85741, Garching, Germany
2 Departamento de Astronomia, Universidade Federal do Rio Grande do Sul, IF, CP 15051, 91501-970 Porto Alegre, RS, Brazil

3 Astronomy Department, University of Alaska, Anchorage, USA
4 Institute for Astronomy, Department of Physics, ETH Zurich, Wolfgang-Pauli-Strasse 27, CH-8093 Zurich, Switzerland

5 Astrophysics Research Institute, Liverpool John Moores University, IC2 Liverpool Science Park, 146 Brownlow Hill, L3 5RF, UK
6 Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, CO 80309-0389, USA

7 Pontificia Universidad Católica de Chile, Instituto de Astrofísica, Casilla 306, Santiago 22, Chile
8 EMBIGGEN Anillo, Concepción, Chile

9 Departamento de Física, Centro de Ciências Naturais e Exatas, Universidade Federal de Santa Maria, 97105-900 Santa Maria, RS, Brazil
10 Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Hawthorn, Victoria, 3122, Australia

11 Raymond and Beverly Sackler School of Physics & Astronomy, Tel Aviv University, Ramat Aviv 69978, Israel
12 Department of Astronomy and Joint Space-Science Institute, University of Maryland, College Park, MD 20742-2421 USA

Received 2015 February 10; accepted 2015 May 3; published 2015 June 12

ABSTRACT

We describe a complete volume limited sample of nearby active galaxies selected by their 14–195 keV luminosity,
and outline its rationale for studying the mechanisms regulating gas inflow and outflow. We also describe a
complementary sample of inactive galaxies, selected to match the host galaxy properties. The active sample
appears to have no bias in terms of active galactic nucleus (AGN) type, the only difference being the neutral
absorbing column, which is two orders of magnitude greater for the Seyfert 2s. In the luminosity range spanned by
the sample, =− −Llog [erg s ] 42.414 195 keV

1 –43.7, the optically obscured and X-ray absorbed fractions are 50%–
65%. The similarity of these fractions to more distant spectroscopic AGN samples, although over a limited
luminosity range, suggests that the torus does not strongly evolve with redshift. Our sample confirms that X-ray
unabsorbed Seyfert 2s are rare, comprising not more than a few percent of the Seyfert 2 population. At higher
luminosities, the optically obscured fraction decreases (as expected for the increasing dust sublimation radius), but
the X-ray absorbed fraction changes little. We argue that the cold X-ray absorption in these Seyfert 1s can be
accounted for by neutral gas in clouds that also contribute to the broad-line region (BLR) emission, and suggest
that a geometrically thick neutral gas torus co-exists with the BLR and bridges the gap to the dusty torus.

Key words: galaxies: active – galaxies: nuclei – galaxies: Seyfert – X-rays: galaxies

1. INTRODUCTION

Feeding and feedback have become a paradigm of galaxy
evolution models; by quenching star formation, feedback from
active galactic nuclei (AGNs) is thought to shape the galaxy
luminosity function and create the bi-modal color sequence in
galaxy populations (Benson et al. 2003; Kauffmann
et al. 2003). However, the prescriptions used in models
(Springel et al. 2005; Croton et al. 2006; Somerville et al.
2008) are relatively simple because observations have focussed
on the question of where the inflowing material originates
(mergers versus secular evolution) and on integrated galaxy
properties. To redress this, in addition to large-scale data, we
need also to understand how the material flows toward the
black hole (BH) on smaller scales. However these scales
cannot be spatially resolved at >z 1 where co-evolution
largely occurs (Fabian 2012). Instead, it is local galaxies that
currently offer the only opportunity to guide the small-scale
aspects of galaxy and BH co-evolution models. That many
local AGNs—in particular Seyferts—are disky systems does
not necessarily reduce their validity as templates for more
distant galaxies. The nested simulations of Hopkins & Quataert
(2010) provide an important insight in this respect; they
suggest that as one looks further inside the central kiloparsec,

disk processes become increasingly important in driving gas
inwards, independent of what has occurred on large scales.
Observations also appear to confirm that, even at z = 1–2, disk
processes are a major contributor to AGN fueling (Kocevski
et al. 2012; Schawinski et al. 2012; Karouzos et al. 2014;
Villforth et al. 2014).
In nearby archetypal objects, integral field spectroscopy (at

optical and infrared wavelengths, and sometimes with adaptive
optics) has probed kinematics on 10–100 pc scales, leading to
insights in both inflow (see Storchi-Bergmann 2014) and
outflow (see Storchi-Bergmann 2015). Despite the inherent
complexities of performing detailed systematic studies with
such techniques and the large amount of observing time
needed, there has been some progress using integral field
spectroscopy for very small samples of AGNs (Sosa-Brito et al.
2001; Barbosa et al. 2006, 2009; Davies et al. 2007; Hicks et al.
2009; Müller-Sánchez et al. 2011; Rupke & Veilleux 2011,
2013, F. Müller-Sánchez et al. 2015, in preparation), and in a
few cases with a matched sample of inactive galaxies for
comparison (Dumas et al. 2007; Westoby et al. 2012; Hicks
et al. 2013; Davies et al. 2014). There are also two larger
studies of local AGNs based on integral field spectroscopy, but
these do not address spatially resolved structures or kinematics.
Burtscher et al. (2015) focus on the spatially unresolved near-
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interferometric data (Kishimoto et al. 2009, 2011; Weigelt et al.
2012) measure the dust sublimation radius, they do not
measure the inner boundary of the torus.

5.1. At Low Luminosity, <−Llog 4414 195

At luminosities below ∼−Llog 4414 195 , the optically
obscured AGN fraction of ∼60% is similar to the X-ray
absorbed fraction, and is independent of luminosity. Since the
dust sublimation radius Rdust increases with luminosity, this
independence must reflect the geometrical properties of the
torus which we can constrain as follows. A luminosity of

=−Llog 4414 195 implies ∼R 0.2dust,44 pc for graphite grains of
size 0.05 μm (Netzer 2014). An obscured fraction of 60%
implies ∼H R 0.75—a half opening angle of ∼ °53 —and
hence ∼H 0.15dust,44 pc. And that the obscured fraction is
constant with luminosity implies that H R cannot increase at
radii smaller than Rdust,44 (and the rapid drop in the optically
obscured fraction at higher luminosities indicates that H R also
decreases at larger radii out to a few times Rdust,44). This is
illustrated in the left side of Figure 10. There are two
implications. First, it is the same geometrically thick structure
that causes the optical obscuration and the X-ray absorption,
and this structure is synonymous with the dusty torus. The
implied half-opening angle of ∼ °53 is at the upper end of the
30°–50° range derived from 3D models of the ionization cone
kinematics (Müller-Sánchez et al. 2011; Fischer et al. 2013), a
marginal consistency that could reflect uncertainties in the
derivations of these numbers or may have a more physical
origin. Second, the inner wall of the dusty torus—which
defines the optically obscured and X-ray absorbed fractions—
has universal properties at <−Llog 4414 195 : the average torus
properties are an inner radius of ∼0.2 pc and a scale height of
∼0.15 pc, independent of luminosity. Here we make two notes.
The first is that this is a constraint on the geometrically thick
nature of the torus, and any dust that exists at smaller radii will
not contribute to the obscured fraction because it is not driving
the maximum value of H R (Netzer & Laor 1993; Netzer
2014). The second is that at luminosities below that of our
sample, one would expect the torus properties to change if there

is a luminosity threshold below which the torus disappears
(Elitzur & Shlosman 2006).

5.2. At High Luminosity, >−Llog 4414 195

While none of the AGNs in our sample are this luminous, the
data of Merloni et al. (2014), as reproduced in Figure 7, show a
dramatic difference in the Sy 2 and X-ray absorbed fractions.
At these luminosities the Sy 2 fraction is not expected to suffer
a significant bias due to mis-classification simply because the
AGNs are brighter with respect to the host galaxy; indeed, the
fraction of AGNs classified as type 21 by Merloni et al. (2014)
does decrease dramatically. As such, one can consider the Sy 2
fraction as the optically obscured fraction. This fraction drops
rapidly to ∼20% following the L0.5 dependence of the dust
sublimation radius, as understood in the “receding torus”
concept (Lawrence 1991; Simpson 1998, 2005; Lusso
et al. 2014), without requiring any change in the scale height
of the torus. In contrast, the X-ray absorbed fraction remains
nearly constant, falling only from 60% to 45%.
The implicit population of X-ray absorbed Sy 1s were

discussed by Merloni et al. (2014), who argued that the X-ray
absorption is not occuring on large galaxy-wide scales and
suggested instead that it is more plausibly due to dust-free gas
within the BLR. Below, we argue that this is indeed likely,
since BLR clouds are expected to contain a significant column
of neutral gas; and associate the absorption with a “neutral
torus” that co-exists with the BLR, and which has an impact on
how the “receding torus” concept should be understood.
However, first it is important to clarify whether warm

absorbers, which have been observed in about 50% of Sy 1s
(Komossa 1999; Blustin et al. 2005; Winter et al. 2012; Laha
et al. 2014), may be responsible for the X-ray absorbed Sy 1s
here. Warm absorbers imprint their signature on an X-ray
spectrum through absorption lines and are most prominent in
soft X-ray bands. They are classically identified by the O VII

and O VIII absorption edges at 0.74 and 0.87 keV, respectively,
rather than through their impact on the spectral shape
(Komossa 1999; Winter et al. 2012; Laha et al. 2014). Warm
absorbers have a smaller impact than neutral gas on the global

Figure 10. Cartoon illustrating how the inner edge of the torus and the dust sublimation radius Rdust are related, depending on luminosity (we do not distinguish
smooth or clumpy torus concepts here, and the cartoon could also be envisaged as a less precisely demarcated cloud distribution). At the luminosity range on the left
side, the fraction of optically obscured and X-ray absorbed AGNs is the same. Because Rdust is smaller than the radius of the inner edge of the geometrically thick
dusty torus, it has no impact on the obscured fraction (which is set by the height of the thick structure). The right side depicts the situation at higher luminosities. Here,
one finds essentially the same geometrically thick gas structure, but now Rdust is larger than the radius of its inner wall. Thus the broad-line region extends outward into
the neutral torus which, further out still, becomes the dusty torus. At these luminosities, the fraction of X-ray absorbed AGNs is the same, but the optically obscured
fraction decreases with increasing luminosity.
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• 昨年あたり（？）からChanging look AGNがすごくhotなトピックに
なっている（再発見とでも言うべきか）。 
→ AGN typeの遷移を起こしたものを指す。 

• ここではALMAでMrk590のCO(3-2)観測を行なった。結果、中心
100pc程度はガスがすかすか状態！とはいえ、著者たちはその残り
カスでもまだ1E5年以上はAGNを光らせられるとしている。 

• その一方、>kpc scaleのガスの量は他のSeyfertと大差なし。ゆえ
に、このスケールのガス観測からAGN活動性に物申すことは無理。

ar
X

iv
:1

50
9.

09
20

3v
1 

 [a
st

ro
-p

h.
G

A
]  

30
 S

ep
 2

01
5

MNRAS 000, 1–22 (2015) Preprint 1 October 2015 Compiled using MNRAS LATEX style file v3.0

ALMA Probes the Molecular Gas Reservoirs in the
Changing-Look Seyfert Galaxy Mrk 590

J. Y. Koay,1⋆ M. Vestergaard,1,2 V. Casasola,3,4 D. Lawther1 and B. M. Peterson5,6
1Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen Ø, Denmark
2Steward Observatory, University of Arizona, Tucson, AZ 85721, USA
3INAF - Osservatorio Astrofisico di Arcetri, 50125, Firenze, Italy
4INAF - Istituto di Radioastronomia & Italian ALMA Regional Centre, 40129 Bologna, Italy
5Department of Astronomy, The Ohio State University, OH 43210, USA
6Center for Cosmology and Astroparticle Physics, The Ohio State University, OH 43210, USA

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We investigate if the active galactic nucleus (AGN) of Mrk 590, whose supermas-
sive black hole was until recently highly accreting, is turning off due to a lack of central
gas to fuel it. We analyse new sub-arcsecond resolution ALMA maps of the 12CO(3–2)
line and 344GHz continuum emission in Mrk 590. We detect no 12CO(3–2) emission in
the inner 150pc, constraining the central molecular gas mass toM(H2) ! 1.6×105M⊙,
no more than a typical giant molecular gas cloud. However, there is still potentially
enough gas to fuel the black hole for another 2.6 × 105 years assuming Eddington-
limited accretion. We therefore cannot rule out that the AGN may just be experienc-
ing a temporary feeding break, and may turn on again in the near future. We discover
a ring-like structure at a radius of ∼ 1 kpc, where a gas clump exhibiting disturbed
kinematics and located just ∼ 200pc west of the AGN, may be refueling the centre.
Mrk 590 does not have significantly less gas than other nearby AGN host galaxies at
kpc scales, confirming that gas reservoirs at these scales provide no direct indication
of on-going AGN activity and accretion rates. Continuum emission detected in the
central 150 pc likely originates from warm AGN-heated dust, although contributions
from synchrotron and free-free emission cannot be ruled out.

Key words: galaxies: active – galaxies: individual: Mrk 590 – galaxies: ISM – galaxies:
nuclei – galaxies: Seyfert

1 INTRODUCTION

Active galactic nuclei (AGNs) are associated with the ac-
cretion of gas onto supermassive black holes residing in the
centres of galaxies, resulting in the growth of the black holes.
The accretion-disk, feeding the black hole, generates contin-
uum photons that photoionize and excite a gaseous region
(known as the broad-line region) located just beyond the
disk, light-days to light-weeks away from the black hole. This
region produces the characteristic broad emission lines with
velocity widths of v > 2000 kms−1 (induced by the gravity of
the black hole) observed in the optical-UV spectra of a class
of AGNs (the so-called ‘Type 1 AGNs’). The photoionization
of lower-velocity gas at distances of hundreds of parsecs by
the accretion-disk photons produces narrower emission lines
(v < 1000 kms−1). To explain the absence of broad emis-
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sion lines in the spectra of a fraction of AGNs (known as
‘Type 2 AGNs’), AGN structural models (Antonucci 1993;
Urry & Padovani 1995) posit that the accretion disk and
broad-line region are surrounded by a dusty torus that ob-
scures our view of these central regions in objects where the
accretion disk is viewed (near) edge on. Only the narrow-
line emission originating from more extended regions not
obscured by the torus can be observed in these Type 2 AGNs.

The occurrence of AGN activity in a galaxy is contin-
gent upon the availability of gas to fuel the black hole. How-
ever, the mechanisms by which cold gas is transported from
the galaxy disk at kpc scales to hundreds of pc scales, and
further down into the inner few parsecs to sustain or trigger
AGN activity, remain poorly understood to this day (e.g.,
Alexander & Hickox 2012, and references therein). The in-
terplay between gas inflows and outflows on these scales,
as well as the presence (or absence) of dynamical barriers,
determine the efficiencies at which the central black hole
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• AGNのtypeが遷移する（しかも人間
が観測できるタイムスケールで！）, 
i.e., BLが出たり消えたり。 

• 歴史は古く、1970年代からぽつぽつ
報告があり、現在8天体（左図
+NGC4151）が知られている。 

• Optically thick cloudが横切るせいだ
という説が強い。

Changing Look AGN

(Figure 1). This source, SDSS J015957.64+003310.5 (here-
after J0159+0033 for brevity) is an X-ray selected AGN from
the Stripe 82X survey (LaMassa et al. 2013a, 2013b), which
was initially reported in the 2001 Sloan Digital Sky Survey
(SDSS) Data Release 1 (DR1; Abazajian et al. 2003), and was
classified as a quasar in DR1, DR3, DR5 and DR7 based on its
i-band luminosity and broad emission lines (Schneider
et al. 2003, 2005, 2007, 2010). However, a later 2010 SDSS-
III (Eisenstein et al. 2011) BOSS (Dawson et al. 2013)
spectrum revealed that the broad Hβ component completely
disappeared, yet a weak, broad Hα component remained visible
(i.e., Type 1.9 state); it was no longer included in subsequent
SDSS-III quasar catalogs from DR9 and DR10 (Pâris
et al. 2012, 2014). We re-observed this source with the Double
Spectrograph (DBSP) on Palomar in 2014 July, finding it to be
in the same state as 2010. Below we discuss our analysis of the
optical spectra in tandem with archival X-ray spectra and
optical photometry. As we elaborate in Section 3.2, these
independent lines of observational evidence taken together
paint a compelling picture that variable absorption cannot be
the driver of the observed state change. Rather, the quasar
continuum faded, providing less power to ionize the gas in the
BLR. As this is the first discovery of a changing state in a
quasar, this source provides a direct probe of intermittent
quasar activity. Throughout, we adopt a cosmology where
H0= 70 km s−1 Mpc−1, ΩM= 0.27 and Λ0= 0.73, giving a
luminosity distance of 1624 Mpc for J0159+0033.

2. DATA ANALYSIS

2.1. SDSS Spectra and Photometry

J0159+0033 was first observed spectroscopically by the
SDSS on 2000 November 11 through a 3″ diameter fiber over
the wavelength range 3800–9200 Å at a spectral resolution of
;2000 (Blanton et al. 2003). The data were processed with the
usual SDSS spectroscopic pipeline (Stoughton et al. 2002).
J0159+0033 was re-observed by SDSS-III BOSS on 2010

January 5 through a 2″ diameter fiber over a wavelength range
of 3610–10140 Å(Dawson et al. 2013). We downloaded the
pipeline processed spectra for this analysis, but rather than
relying on the pipeline produced fit parameters, we modeled the
spectra as described in Section 2.3.
As J0159+0033 was observed in the Stripe 82 region of

SDSS, which was imaged multiple times as part of a supernova
survey (Frieman et al. 2008; Annis et al. 2011), photometric
observations are available over many epochs. In Figure 2, we
plot the g-band point-spread function (PSF) magnitude over
the multiple observations taken in Stripe 82 (red) along with
the magnitudes of a nearby (R.A.= 30.009, decl.= 0.5474)
reference star (blue). J0159+0033 increased in brightness
between 1998 and 2000, after which it faded from 19.1 to 20.3
between the 2000 SDSS and 2010 BOSS observations,
corresponding to a flux decrease of a factor of 3.02; the steady
magnitude of the reference star indicates the change in the
AGN magnitude is a physical effect and not due to observing
conditions. As we show below, the non-variable emission from
the host galaxy dilutes the optical variability from the changing
AGN. Fortuitously, an archival XMM-Newton observation
caught the source in a bright optical state while a Chandra
observation detected it in the fainter optical state.

2.2. Palomar DBSP Spectrum

J0159+0033 was observed with the DBSP on the Palomar
200 inch Hale telescope on 2014 July 23 using a 1″.5 slit-width.
The 2D spectrum was analyzed in IRAF9 (Tody 1993),
following the usual reduction procedures to account for bias
and flat-fielding effects and a 1D spectrum was extracted from
a 2″.3 window along the slit. The spectrum was corrected for
telluric absorption features and flux calibrated using the
standard star BD+28 4211. For this analysis, we used only
the spectrum from the red arm of the spectrograph (where the

Figure 1. [OIII] luminosity (proxy of intrinsic AGN luminosity, Heckman
et al. 2004; LaMassa et al. 2010) as a function of redshift for changing-look
AGNs that have transitioned from/to a pure Type 1 state to/from a Type 1.8–2
state. With the exception of NGC 7582 which briefly transitioned from a
Seyfert 2 to a Seyfert 1, the L[OIII] values shown here reflect the intrinsic AGN
power when these sources are in the bright state: as [OIII] forms in the NLR, it
can take tens to hundreds of years for the dimming of the AGN continuum to
propagate to the NLR and for the [OIII] emission to respond to this change. As
this plot illustrates, J0159+0033 is the most distant and luminous changing-
look AGN yet discovered.

Figure 2. g-band PSF magnitude at various epochs for J0159+0033 (red
diamonds) and a nearby reference star (blue asterisks); the larger red diamonds
indicate the J0159+0033 magnitude calculated by convolving the SDSS and
BOSS spectra with the g-band response filter. While the reference star remains
at a steady brightness, the magnitude of the quasar changes, indicating that this
variability is a physical result and not an effect of observing conditions.
Observed hard X-ray fluxes from serendipitous XMM-Newton and Chandra
observations are shown by the black circles: the optically bright and dim states
are contemporaneous with the X-ray bright and dim states.

9 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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further in Section 3.1, observing such variations provide direct
constraints on the size of narrow line emitting region.

2.4. X-ray Spectra

Both the Chandra and XMM-Newton archival X-ray
observations of J0159+0033 were serendipitous: the AGN
happened to be in the field of view of observations targeting
other sources. The XMM-Newton data from 2000 (ObsID:
0101640201) were reduced with SAS tasks to filter for flaring,
create good time intervals and extract a spectrum from each of
the three detectors (PN, MOS1, MOS2). The net exposure time
was 10 ks, with 2375 counts detected among the three
detectors. Similarly, the Chandra data from 2005 (ObsID:
5777) were processed with CIAO tools chandra_repro to
create a cleaned events file from which a spectrum was
extracted with specextract. Though the net exposure time was
twice that of XMM-Newton, only 148 counts were detected.

Although Chandra has better spatial resolution than XMM-
Newton, we extracted the Chandra spectrum using the same
source region size as XMM-Newton (i.e., 30″) to ensure that
any possible changes in the X-ray spectra over time are due to

physical variations and not unresolved extended emission in
the XMM-Newton extraction. In both cases, the background
was subtracted from an annulus with an inner radius of 45″ and
outer radius of 90″. The XMM-Newton spectra were grouped
with 20 counts per bin while the Chandra spectrum was
grouped with five counts per bin. The spectra were fitted
independently in XSpec with an absorbed power-law model,
where one absorption component was frozen to the Galactic
value and another absorption component was set at the redshift
of the source and left free. We used the χ2 statistic for XMM-
Newton and C-statistic for Chandra. Neither spectrum has
features that warrant more complex modeling.
Figure 5 shows the XMM-Newton and Chandra spectra of

J0159+0033, with the absorbed power law model overplotted.
The photon indices measured from the XMM-Newton and
Chandra spectra are consistent within the error bars
(2.13± 0.1 and 1.81-

+
0.49
0.53, respectively). In both cases, the

fitted absorption at the redshift of the source was consistent
with zero, with a 90% confidence level upper limit of
NH < 3 × 1020 and 5 × 1021 cm−2 between the XMM-Newton
and Chandra observations, though the higher upper limit from
the Chandra spectrum is likely a statistical effect due to low
signal-to-noise in the spectrum. There is one dramatic change
between epochs: the observed 2–10 keV flux dropped from
26.4 ´-

+ -101.6
1.4 14 to 3.7± 1.1 × 10−14 erg cm−2 s−1, a factor of

7.2. As the spectra had similar photon indices when fit
independently,10 we fit the spectra simultaneously, tying
together the photon indices and including a fixed component
of absorption due to our Galaxy, allowing the normalization to
vary to account for flux changes. With that analysis, we find
that the observed 2–10 keV flux dropped by a factor of ∼12.3
and is not associated with a change in intrinsic absorption. We
also note that in addition to the absence of absorption above

Figure 3. Best-fit models to the optical spectra, with individual components indicated by the legend. The spectral state changed from Type 1 (broad emission lines) to
Type 1.9 (only a broad component to Hα) between the years 2000 and 2010.

Table 2
Galaxy and AGN Parameters

2000 (SDSS) 2010 (BOSS) 2014 (DBSP)

AGN power-law
Normalization (1000 Å ) 42.9 ± 0.5 2.3 ± 0.1 L
αλ 1.31 ± 0.01 0.5 ± 0.1 L

Stellar Component
Normalization 19.4 ± 0.2 28.9 ± 0.8 34.5 ± 0.1
age (Gyr) 1.64a 1.64 ± 0.03 1.64a

a Stellar age was frozen to the value found from fitting the 2010 BOSS
spectrum, where the host galaxy properties could be better constrained. The age
of the stellar population does not vary within the observed timescales
reported here.

10 The flattening of the spectrum, though not significant within the errors,
could reflect an intrinsic change in the spectrum as steeper photon indices are
associated with higher luminosity sources.
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• その一方、Mrk 590の観測は、cloud-
transition説よりも、intrinsicに降着率が
変化している説を支持。 

• その場合、たとえば降着率に応じた
Type-1 → Type-1.X → Type-2遷移が予
測されている。True Type-2の存在予言
（Elitzur et al. 2014, MNRAS, 438, 3340）→ 
windy disk modelの帰結

• 他のCLAと比べて、Mrk 590はその光度
変化が異常に大きい。20年で1/100に
なってしまった。。通常は数倍~10倍
程度の変動。

Mrk 590（異端だと思う）2 J. Y. Koay et al.

is fueled. These processes also influence the duty cycles of
AGNs, i.e., the typical timescales during which AGNs are
turned on (and off). Integral Field Unit (IFU) observations
of nearby AGNs have revealed inflows of ionized gas down to
10 pc scales (e.g. Fathi et al. 2006; Storchi-Bergmann et al.
2007; Riffel et al. 2008; Schnorr Müller et al. 2011). How-
ever, the estimated inflow rates of the ionized gas in these
observations are much lower than the observed black hole
accretion rates. This is because the gas is predominantly
molecular near the centre of galaxies (e.g., Walter et al.
2008; Bigiel et al. 2008), such that ionized gas becomes a
poor tracer of inflowing gas in the centre. The NUclei of
GAlaxies (NUGA) program (Garćıa-Burillo et al. 2003) has
observed the distribution of cold molecular gas (as traced
by the presence of carbon monoxide, CO) in 16 Seyfert and
low-ionization nuclear emission-line region (LINER) galax-
ies at cosmic distances of 4Mpc to 43Mpc with the IRAM
Plateau de Bure Interferometer (PdBI), achieving a spa-
tial resolution of about 100 pc. However, evidence for in-
flowing gas has been found only in one third of the NUGA
galaxies on these scales (Lindt-Krieg et al. 2008; Hunt et al.
2008; Casasola et al. 2008, 2011; Garćıa-Burillo et al. 2009;
Garćıa-Burillo & Combes 2012). The non-detection of direct
evidence of fueling in the other two thirds of the NUGA
galaxies may be due to outflowing gas driven by nuclear
star formation, AGN winds and/or AGN jets that temporar-
ily disrupt the nuclear fueling. In such a scenario, AGNs
will undergo successive periods of fueling and starvation.
More recent observations with the Atacama Large Millime-
tre/submilllimetre Array (ALMA) are probing the gas fu-
eling mechanisms of AGNs at even smaller spatial scales,
thereby mapping the molecular interstellar medium at 25 pc
to 100 pc scales in local AGN host galaxies, including
NGC1433 (Combes et al. 2013), NGC1566 (Combes et al.
2014) and NGC1068 (Garćıa-Burillo et al. 2014). These
studies reveal gas inflows and outflows occuring simultane-
ously on scales of tens of pc. At scales smaller than 10 pc,
the physical connections and coupling of energetics between
the different gas components, including the accretion disk
gas, the broad-line emitting gas, the narrow-line emitting
gas and the cold molecular gas, are still unknown.

Between the years 2006 and 2012, the broad Hβ emis-
sion line in the optical spectrum of the AGN in Mrk 590, a
Seyfert galaxy, has disappeared. Examination of 40 years of
published data on Mrk 590 reveal an increase in the optical-
UV continuum, broad-line and narrow-line fluxes from the
1970s to the early 1990s (see Denney et al. 2014, and ref-
erences therein for a complete account). Since then, the
strengths of the broad emission lines (including Hα and
C iv) have steadily decreased to their present weak states.
In the period between the early 1990s to the present, the
X-ray continuum flux has also weakened, while the nuclear
optical-UV continuum emission has faded to the point where
the observed continuum can be fully accounted for by stellar
population models of the host galaxy (Denney et al. 2014).
While still clearly visible, the narrow [O iii]λ5007 line has
also decreased in flux by a factor of ∼ 2. The weakening of
the [O iii] line appears to be delayed by up to ten years rela-
tive to that of the optical-UV continuum and broad Hβ line,
consistent with the larger spatial extent of the narrow-line
region. The physical properties of Mrk 590 and its AGN are
listed in Table 1.

Table 1. General properties of the Seyfert galaxy Mrk590 and
its nucleus.

Property Value Ref.

R.A. (J2000) 02h 14m 33.5s 1
Dec (J2000) −00◦ 46′ 00′′ 1
Morphology SA(s)a 1
Galaxy inclination 25◦ 2
Galaxy major axis P.A. −55◦ 3
Redshift 0.0264 1
Luminosity distance, DL

a 115.4Mpc ...
Linear scalea 1′′ = 531 pc ...
vsys (barycentric)b 7910 km s−1 4
HI velocity 7910 km s−1 4d

HI FWZIc 380 km s−1 4d

Total HI mass 30× 109M⊙ 4d
12CO(1–0) velocity 7945 km s−1 5d
12CO(1–0) FWHM 205 km s−1 5d

[O iii]λ5007 velocity 7950 km s−1 6d

[O iii]λ5007 FWHM 400 km s−1 6d

Black Hole Mass 4.75± 0.74× 107 M⊙ 7
Lbol (1990s)

e ∼ 5.8× 1044 erg s−1 7
Lbol (2013)

e ∼ 3.4× 1042 erg s−1 8

aValues are derived from the source redshift using our adopted
cosmology.
bThe systemic velocity of the galaxy relative to the Solar
System barycentre.
cFWZI is the full width of the emission line at zero intensity.
dThe uncertainties of the specified values are not quoted in the
original papers.
eThe AGN bolometric luminosity, Lbol, values are estimates and
therefore no errors are not quoted in the original papers.
References. – (1) NASA Extragalactic Database, NED.
(2) Whittle (1992). (3) Schmitt & Kinney (2000).
(4) Heckman et al. (1978). (5) Maiolino et al. (1997).
(6) Vrtilek & Carleton (1985). (7) Peterson et al. (2004).
(8) Denney et al. (2014).

One possible explanation for the fading of the AGN
emission in Mrk 590 is that the accretion disk and broad-
line region are presently obscured by a, perhaps transiting,
intervening cloud of optically thick gas. Variable obscura-
tion can occur if the dusty torus, posited in AGN mod-
els, has a clumpy distribution (e.g., Elitzur 2012). Variable
X-ray absorption observed in the so-called ‘changing-look’
AGNs (e.g., Bianchi et al. 2005) are thought to arise due
to such clumpy obscuring clouds of gas and dust. How-
ever, Denney et al. (2014) argue from the observed variabil-
ity of the [O iii]λ5007 line that obscuration is unlikely to
be responsible for the observed changes in Mrk 590, since
the obscuring cloud must cover both the continuum source
along our line-of-sight, and as viewed from the more ex-
tended narrow-line region as well. The more likely expla-
nation for this behavior in Mrk 590, is that the AGN is
now accreting at a much lower rate, and may be close to
turning off. This would result in a lack of ionizing contin-
uum photons to sustain the broad-line emission, as modeled
by Elitzur et al. (2014). The dramatic changes observed in
Mrk 590 can therefore occur if the black hole has accreted all
the cold gas in its vicinity, or if the gas has been ejected via
outflows (e.g., Proga & Kurosawa 2010), and is not replen-
ished by cold gas inflowing from the galaxy. In other words,

MNRAS 000, 1–22 (2015)

燃料になるガスが枯渇したのでは？ 
と予測→ALMAで観測！



• 下図の黒コントアはcontinuumで、おおよそAGNの位置に相当。 
→ 中心がガスでスカスカなのがわかる。HCO+(4-3)も全く受からず。

ALMA Observations of Mrk 590Molecular Gas Reservoirs in Mrk 590 9

Figure 4. ALMA maps of the (a) integrated fluxes (moment 0), (b) intensity weighted velocity fields (moment 1) and (c) velocity
dispersions (moment 2) of the 12CO(3–2) line in Mrk590, derived from the channel maps in Figure 3 (FWHM beam size: 0.′′47 × 0.′′42,
with no primary beam corrections). The panels in the top row show the inner 16′′ by 16′′ (∼ 8.5 kpc × 8.5 kpc), while the bottom row
shows the zoomed-in versions of the same maps, for the inner 8′′ by 8′′ (∼ 4.2 kpc× 4.2 kpc). Flux clipping was performed to set pixels
with values less than 3σ to zero, where 1σ ∼ 0.5mJy beam−1 in each 20 km s−1 channel in the residual maps. Black contours show the
ALMA 344GHz continuum image (Briggs weighting, robustness: 0.5; contour levels: 5σ, 10σ, 15σ; 1σ ∼ 0.036mJy beam−1). Ellipses in
the bottom left corner are the beam shapes for the continuum image (grey) and the 12CO(3-2) maps (black outline). Origo is the phase
centre of the observations (Table 2).

the central 150 pc, we first estimate the upper limit of the
velocity integrated line flux of 12CO(3–2) in this region. As-
suming a signal smoothed over the expected FWHM velocity
width of the emission line, ∆vFWHM, the 3σ upper limit of
the integrated flux can be estimated to be:

I ≤ 3σ∆vFWHM

√

∆v
∆vFWHM

(1)

where ∆v is the channel width of the spectrum (i.e., spec-
tral resolution) at which the rms intensity, σ, is deter-
mined. The factor

√

∆v/∆vFWHM accounts for the ex-
pected decrease in σ for a channel width equivalent to
∆vFWHM (Wrobel & Walker 1999). In the inner 150 pc,
we assume that ∆vFWHM = 230 kms−1, similar to the
FWHM of the integrated 12CO(3–2) spectra in the cen-
tral 4′′. For σ = 0.5mJy beam−1 and channel widths of
∆v = 20 km s−1, we estimate the upper limit of the inte-

grated flux density of 12CO(3–2) in the central 150 pc to be
ICO(3−2) ≤ 0.1 Jy kms−1. From this value of ICO(3−2), the
associated line luminosity is estimated using the equation
(Solomon & Vanden Bout 2005):

L′
CO(3−2) = 3.25× 107 ×

(

ICO(3−2)

Jy kms−1

)(

D2
L

Mpc

)

×
( νrest
GHz

)−2
(1 + z)−1 Kkms−1 pc2 (2)

where DL is the luminosity distance and νrest is the rest
frequency of the 12CO(3–2) line (345.7959GHz). For a given
value of αCO (the H2 mass to 12CO(1–0) line luminosity
ratio), the H2 gas mass is estimated as:

M(H2) = αCOL
′
CO(1−0) =

αCOL′
CO(3−2)

L′
CO(3−2)/L

′
CO(1−0)

. (3)

We thus estimate the upper limit of the H2 gas mass in the

MNRAS 000, 1–22 (2015)

将来落ちてくる燃料？

速度場は回転を支持

構造はHSTで見えるdust laneを捉えている



• Galactic CO(3-2)/CO(1-0)比を仮
定。CFをかませてMH2に変換。 

• 中心部は1e5Msun（GMC程度）
しかなく、著しいガス欠。 
→ ただし、この少ないガスでも
Edd.-limited accretionを1e5年程
度は続けられる。 
→ たまたま今休憩中なのか
も。。 

• 星形成も同様に欠乏。Hαから見
積もっても同じ。

中心部でガスがない＆星形成もないMolecular Gas Reservoirs in Mrk 590 13

Table 3. Emission Line Properties, Gas Masses and Star Forma-
tion Rate Estimates in Mrk590.

Propertya Units Central Central
180 pc× 120 pc 2 kpc

ICO(3−2) (Jy kms−1) ≤ 0.1 3.33
L′
CO(3−2) (K km s−1 pc2) ≤ 3.6× 105 4.4× 107

M(H2)
b (M⊙) ≤ 1.6× 105 1.0× 107

[≤ 5.3× 106] [1.7× 108]

IHCO(4−3) (Jy kms−1) ... ≤ 0.48
L′
HCO(4−3) (K km s−1 pc2) ... ≤ 1.5× 107

RHCO43
CO32 ... ... ≤ 0.14

ICO(2−1) (Jy kms−1) ... ≤ 1.6
L′
CO(2−1) (K km s−1 pc2) ... ≤ 1.3× 107

SFR(H2)b (M⊙ yr−1) ≤ 2× 10−4 0.004
[≤ 0.009] [0.2]

ΣSFR(H2)
b (M⊙ yr−1 kpc−2) ≤ 0.004 0.0011

[≤ 0.2] [0.06]
SFR(Hα)c (M⊙ yr−1) ... ≤ 0.15
ΣSFR(Hα) (M⊙ yr−1) ... ≤ 0.13

aIX is the velocity integrated flux density of emission line ‘X’;
L′
X is the luminosity of emission line ‘X’; M(H2) is the H2 gas

mass estimate; RHCO43
CO32 is the ratio of the HCO+(4–3) to

12CO(3–2) integrated flux densities. ΣSFR is the star formation
rate (SFR) surface density derived from either M(H2) using the
Kennicutt-Schmidt relation (Section 3.7.1) or the Hα line
luminosity (Section 3.7.2), as indicated.
bEstimates are based on L′

CO(3−2)/L
′
CO(1−0) ∼ 0.9 and

αCO ∼ 0.8M⊙ (K km s−1 pc2)−1; the values in square brackets
show more conservative estimates based on Milky Way values of
L′
CO(3−2)/L

′
CO(1−0) ∼ 0.27 and αCO ∼ 4M⊙ (K km s−1 pc2)−1.

cMeasured in a rectangular region of size 4′′ × 1.2′′ (∼2 kpc ×

0.6 kpc).

3.7 Circumnuclear Star Formation Rates

In hydrodynamical simulations of gas inflow from 10 kpc
galactic scales down to 0.1 pc scales to fuel an AGN, nu-
clear star formation rates (SFRs) are found to correlate with
black hole mass accretion rates (Hopkins & Quataert 2010).
Since the nuclear SFR may provide important clues on the
nuclear fueling of Mrk 590, and stellar outflows provide a
viable mechanism for transporting the gas into the centre
to feed the black hole, we estimate the SFR in the circum-
nuclear regions. We derive the SFR using two independent
methods, (1) based on the Kennicutt-Schmidt relation us-
ing M(H2) (or its upper limit) derived from the 12CO(3–2)
emission (Section 3.4) and (2) from the Hα luminosity LHα.
The 344GHz and 219GHz continuum emission, as well as
the 1.4GHz radio continuum emission, provide alternative
means of estimating the circumnuclear SFR. However, it
is very likely that the continuum emission at these wave-
lengths contains a significant AGN contribution to the flux
(discussed further in Section 4.4), such that the far-IR and
radio based SFR estimates will be biased high, providing
only upper limits.

3.7.1 SFR Estimates Derived from the H2 Gas Mass

Based on the upper limit of M(H2) ! 1.6 × 105 M⊙, de-
rived from the 12CO(3–2) observations (Section 3.4), we
estimate the SFR in the central 150 pc to be SFR(H2) !
2 × 10−4 M⊙ yr−1 following the Kennicutt-Schmidt rela-
tion (Kennicutt 1998). The corresponding SFR(H2) sur-
face density is ΣSFR(H2) ! 0.004M⊙ yr−1 kpc−2. We note
that our SFR limits assume negligible HI gas masses in
the centre. This is a reasonable assumption, since it is
very likely that the gas phase is predominantly molecular
in the centre, as seen in other local AGNs (Walter et al.
2008; Haan et al. 2008; Bigiel et al. 2008). For example, the
mean H2 gas mass surface densities are found to be at
least 20–40 times higher than that of atomic gas in the
NUGA sample of AGNs (Casasola et al. 2015). Addition-
ally, the gas surface densities of nearby AGNs are in a
regime in which the model by Krumholz et al. (2009) shows
that H2 is expected to dominate (an example is shown in
Fig. 8 of Casasola et al. 2015). The inferred SFR limit for
Mrk 590 is in the lower range of SFRs observed in the cen-
tral ∼ 65 pc of 29 nearby Seyfert galaxies (Esquej et al.
2014), derived from the nuclear 11.3 µm PAH feature af-
ter subtracting AGN contributions. Esquej et al. (2014)
obtain SFR estimates of SFR(PAH) ∼ 0.01M⊙ yr−1 to
1.2M⊙ yr−1 for sources with nuclear 11.3µm PAH detec-
tions, and SFR(PAH) ! 0.01M⊙ yr−1 to 0.2M⊙ yr−1 for
sources with non-detections. Even assuming the more con-
servative upper limit of M(H2) ! 5.3 × 106 M⊙, the upper
limit on the total SFR within the central 150 pc is still very
low, with SFR(H2) ! 0.009M⊙ yr−1. However, a higher,
less stringent limit of ΣSFR(H2) ! 0.2M⊙ yr−1 kpc−2 is ob-
tained.

In the inner 4′′ (2 kpc), we estimate SFR(H2) ∼
0.2M⊙ yr−1 and ΣSFR(H2) ∼ 0.06M⊙ yr−1 kpc−2 from the
inferred M(H2) ∼ 1.7 × 108 M⊙, assuming Milky Way val-
ues of αCO and L′

CO(3−2)/L
′
CO(1−0). If we adopt starburst

galaxy-like conditions and use the lower value of M(H2) ∼
1 × 107 M⊙, we estimate SFR(H2) ∼ 0.004M⊙ yr−1 and
ΣSFR(H2) ∼ 0.0011M⊙ yr−1 kpc−2. As with the estimates
of M(H2), the actual value of the SFR may be somewhere
in between the range bordered by the lower and higher esti-
mates.

The SFRs and H2 gas masses in the central 60 pc
of nearby Seyfert nuclei are found to be consistent
with the Kennicutt-Schmidt relation (Hicks et al. 2009).
Casasola et al. (2015) also find no degradation of this re-
lation down to 20 pc scales in four nearby low-luminosity
AGNs from the NUGA sample. We thus expect the SFR(H2)
estimates to be representative. The main source of er-
ror in the estimates are the uncertainties in αCO and
L′

CO(3−2)/L
′
CO(1−0) used in estimating the H2 gas masses,

since ΣSFR ∝ (Σgas)1.4, where Σgas is the gas mass surface
density. We summarize in Table 3 the values of the SFRs
and ΣSFR estimated for the inner 150 pc and inner 2 kpc of
Mrk 590, for each case listing both values derived based on
the different assumptions about the gas conditions.

3.7.2 SFR Estimate Derived from the Hα Luminosity

As an independent check of the SFR(H2) estimates, we de-
rive also the SFR from the Hα emission line, SFR(Hα).
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• 一方、>kpc scaleのガス質量は他のSeyfert銀河と同程度。すなわち、
<100pc程度のガスしかon-goingな降着とは関係付けられない。



ガスを枯渇させたメカニズムとは？

降着現象で自然に枯渇

アウトフローで吹き飛ばした

• 実は中心のちょっと横に1e6 Msunのガス塊があるので、
これが次のfuelingを担うのだろう。

• Cicone+14等から類推。 

• Gupta+15によると、UFOが存在している（~0.1--0.2c） 
→ いかにもTombesi+15ぽいことが起きていそう、と推測。 

• ただし、[OIII] mapはbi-conicalな形ではない。 
→ face-onでoutflowを見ているから？さらなるIFU観測を検討中。



• 1e5年のepisode（Schawinski+15）を想定すれば、現在のMBHを達
成するのに必要なepisodesは~400。 

• 一方、[OIII]観測からionization bubbleの広がりはc*1000年分程
度。つまり、Mrk 590は1000年間”だけ”明るかったということを示
唆。この場合だと、duty cycle ~ 30,000と莫大。 

• 最低限、last episodeが特殊なものだったと仮定すると、1000年の
活動を支えるための燃料は~100Msun。 
→ なにかしらのバースト的な現象があったのかも。

ごく一瞬の燃料投下が起きた？



• Mrk 590：ガス欠。 

• NGC 4151：ガス欠で有名。 

• NGC 1097：ガスはそこそこ。ただし
MBHが大きい。 

• …ということで、これらはMgas/MBH
の著しく小さい天体と予測される。

CLAの共通項は？（推測）
914 DUMAS, SCHINNERER, & MUNDELL Vol. 721

Figure 2. 3 mm continuum map of NGC 4151 using uniform weighting. The
beam size of 2.′′8 × 2.′′2 is indicated in the bottom left corner. The contour levels
run from 1 to 12 mJy beam−1 with a step of 1 mJy beam−1 (3.5σ to 43σ in steps
of 3.5σ ). The cross marks the phase center of the observations, while the peak
of the continuum coincides with the location of the AGN, within our astrometric
uncertainty.
(A color version of this figure is available in the online journal.)

Table 3
CO Fluxes and Molecular Gas Masses

Component SCO dV Mmol
(Jy km s−1) (107 M⊙)

Total 14.7 4.3
Southern lane 8.7 2.5
Northern lane 5.0 1.5
Central clump 0.4 0.12
Western clump 0.63 0.18

Notes. Integrated CO (1-0) line fluxes and corresponding molecular gas masses
for different components identified in the CO distribution. The location and
extent of the individual components are indicated in Figure 4. The fluxes have
been corrected for primary beam attenuation and the masses include 36% of
Helium fraction.

shows an ordered gradient along the lanes with values similar to
those derived from H i observations (Asif et al. 1998; Mundell
et al. 1999) and an average velocity dispersion of approximately
7 km s−1. Figure 5 shows the integrated spectra of the three
main components: the northern and southern gas lanes as
well as the central clump. The integrated spectrum of the
northern lane is centered at 80 km s−1 and the central clump
at 55 km s−1. The spectrum of the southern lane shows the
presence of two kinematic components originating from each
half of the lane—one centered at 0 km s−1, corresponding to
the eastern part of the lane where it curves to the north, and the
other centered at −40 km s−1 arising from its most prominent
western part—separated by a region at the center of the lane
that shows an increased velocity dispersion, close to the kink
point. Figure 6 shows a selection of spectra taken close to
this high velocity dispersion region. Asymmetry in the line
profiles is clear, suggesting multiple kinematic components,
but this region is spatially only marginally resolved while a
second line component can be easily identified in several spectra.
This boundary region between the two halves of the gas lane
therefore may represent a region in which gas clouds with

Figure 3. Moment maps of the CO (1-0) line emission in NGC 4151: integrated
intensity (top), velocity field (middle), and velocity dispersion (bottom). The
contour levels are 0.25, 0.5, 0.9, 1.3, 1.5, and 2 Jy beam−1 km s−1 in the intensity
map; from −50 km s−1 to 80 km s−1 in steps of 5 km s−1 for the velocity field
and 5, 7.5, 10, and 14 km s−1 in the dispersion map. The beam size (3.′′4 × 3.′′0)
is shown in the bottom left corner of each panel, and the cross marks the location
of the AGN as given by its 21 cm radio continuum (Mundell et al. 2003).
(A color version of this figure is available in the online journal.)

distinct velocities overlap along the line of sight or a genuinely
mixed, disturbed zone. Larger velocity dispersion in the eastern
part of the northern lane may also indicate that the eastern part
of this lane is a distinct cloud, and although the line profiles in
this region deviate from a simple Gaussian shape they show no
clear evidence of two components in this region.

We extracted pv diagrams along three different positions that
are presented in Figure 7. The pv diagram along the major
kinematic axis of P.A. = 22◦ shows strong emission from the
gas lanes at +80 km s−1 and −50 km s−1. The CO (1-0) line
emission shows a velocity gradient indicating that the gas is
participating in circular motion. Interestingly, this gradient is not
symmetric with respect to the systemic velocity of 995 km s−1

from Pedlar et al. (1992), it presents an offset of +15 km s−1.

NGC 4151 CO(1-0)

Dumas et al. 2010, ApJ, 721, 911

星形成由来の機構で、この間欠的な現象を説明できるか？ 
NGC 4151は、Hβの強→弱→強を10-20年で繰り返した（！）

もしくは、降着円盤スケールの不安定性が効くのか？ 
c.f., 矮新星のアウトバースト（Osaki et al）; thermal inst.?



• (1) Band 7 continuum = dustだと思い、温度（53K）と質量を出す。 
→ MH2 = 1e7 Msun（全然違う…） 
→ 大きな不定性の範囲でCO-derivedの値と合う。 

• (2) synchrotron + free-freeの寄与を調べる：radioの情報不足で不可能。
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Figure 9. Near-IR to radio spectral energy distribution (SED)
of Mrk590. The symbols show observed values of the continuum
flux densities obtained from published work (Table 4) and from
this study (ALMA and SMA continuum flux densities). The solid
black curve shows the model fit to the observed IR SED and
the ALMA flux density; the SMA data point is excluded (Sec-
tion 4.4.1). Also shown are the model component of the AGN
power-law continuum (black dash-dotted curve) and the far-IR
modified black body component (black dotted curve; details are
in Appendix A). The alternate model fit to the IR SED plus the
SMA flux density (ALMA data omitted; Section 4.5) is shown as
the red dashed curve.

Satellite (IRAS). The data are summarised in Table 4, and
the observed flux densities are shown in Figure 9. We use
the far-IR SED fitting code developed by Casey (2012) to
fit a near-IR power-law distribution and a modified black-
body (greybody) spectrum to the observed IR data points,
along with our ALMA 344GHz flux density. For this model
fit, we exclude the SMA continuum data point, as the SMA
synthesized beam encompasses the molecular gas ring, and
therefore likely includes additional thermal dust emission
from the ring. Here we are interested only in the continuum
emission in the central 150 pc measured by ALMA. Although
the UKIRT, ISO and IRAS flux densities are also measured
with much lower angular resolutions compared to ALMA,
the emission at these higher frequencies are more likely to
be dominated by the AGN and thus by the continuum emis-
sion from within the inner 150 pc. Further details on the
model fitting and the associated caveats are outlined in Ap-
pendix A. The resulting model fit to the data is presented in
Figure 9, where the model SED is shown as the solid black
curve.

The dust temperature of the far-IR component is esti-
mated from the SED fit to be 53K. This is within the typical
∼40K to 70K range of temperatures observed for the ‘cold’
dust components in other local Seyferts in the CfA sample
(Pérez Garćıa & Rodŕıguez Espinosa 2001). Although these
cool dust temperatures are often associated with star form-
ing regions and starburst galaxies, we argue that the far-IR
and 343GHz continuum emission is AGN dominated. This
is based on the fact that the total far-IR luminosity, LFIR,
overestimates the SFR(LFIR) by four orders of magnitude
(Appendix A) and we detect only the continuum emission

in the centre with no stellar-heated dust continuum emission
tracing the 12CO(3–2) gas ring.

Furthermore, there are hints that the mid-IR and far-IR
continuum fluxes may exhibit variability with trends consis-
tent with that observed in the optical-UV line and contin-
uum emission (described in Appendix A). If the thermal
dust emission is predominantly AGN heated, the variability
of the mid-to-far-IR continuum fluxes (if real) can be caused
by the heating and cooling of the dust surrounding the accre-
tion disk and broad-line region (e.g., from the dusty ‘torus’,
Urry & Padovani 1995). This variability may even extend
into the Rayleigh-Jeans regime at mm wavelengths. Contin-
ued monitoring of the (sub-)mm, far-IR and mid-IR con-
tinuum fluxes will be crucial to confirm this short-timescale
variability. Detecting variability on timescales of years to
decades will also confirm a small spatial extent of the far-IR
emitting regions. If the flux variations follow trends similar
to the variability of the AGN observed at other wavelengths
(e.g., broad emission line, optical-UV and X-ray fluxes), it
provides further evidence that the mm and far-IR contin-
uum emission is dominated by the AGN rather than stellar
components at these spatial scales.

The dust mass, Mdust ∼ 105 M⊙ as estimated from the
model continuum SED, provides an independent estimate
of the total (i.e., H2 + HI) gas mass in the inner 150 pc,
enabling us to check its consistency with our CO estimates.
Adopting a dust to total gas mass ratio of ∼ 0.01 and assum-
ing solar metallicities (Draine et al. 2007), we infer a total
gas mass (both atomic and molecular) of Mgas ∼ 107 M⊙

from the dust mass. This is more than an order of mag-
nitude higher than the upper limits of M(H2) ! 105 M⊙

or M(H2) ! 5 × 106 M⊙ estimated in Section 3.4, depend-
ing on the conversion factor, αCO, used. If we assume that
the actual H2 to HI gas mass ratio in the central 150 pc is
similar to the ratio measured by single-dish observations,
we can explain the discrepancy to within the measurement
and CO conversion uncertainties. Based on the single dish
12CO(1–0) gas mass (Maiolino et al. 1997) and HI gas mass
(Heckman et al. 1978), the H2 to HI gas mass ratio is 0.48 for
Mrk 590. With the HI gas mass twice the value ofM(H2), the
total gas mass can be as high as Mgas ∼ 5× 107 M⊙, consis-
tent with the gas mass derived from the dust mass. However,
since the gas is expected to be predominantly molecular in
the central regions (Section 3.7), the adopted H2 to HI gas
mass ratio is unrealistic. While the value of Mgas derived
from Mdust is consistent with the higher end of M(H2) con-
straints determined from the 12CO(3–2) emission, another
explanation for the overestimates of the gas mass from the
continuum emission is that there are other sources of emis-
sion contributing to the total continuum flux measured by
ALMA, e.g., synchrotron emission from the AGN jet or free-
free emission.

4.4.2 Synchrotron and Free-free Emission

We now examine the radio to (sub-)mm spectral indices to
determine if other sources of continuum emission besides
dust, namely synchrotron and/or free-free emission, con-
tribute significantly to the total 344GHz continuum flux
density measured by ALMA. From the 8.4GHz and 344GHz
integrated flux densities, each obtained at comparable an-
gular resolutions of ∼ 0.′′2, we estimate the spectral index
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• 中心はガスは見えないくせに連続波
は検出できている。 

• Nuclear SEDを描いて、引き出せる情
報を議論。

ガスの分も含めて、追観測が必須！



AGN-galaxy evolutionへの示唆
• 母銀河のガスもobscurationに寄与するという説が根強い。  
→ (molecular) gas-richのときはtype-2、晴れ上がるとtype-1  
→ これは、intrinsicにはtype-2もBLRを持つという立場。 

• 一方、Elitzur+14によると、降着率に応じてtype-1 → type-2の遷移が
起きる（True type-2を予言）。 

• 今回のMrk 590での20年での急激な光度変動がAGNで頻繁に見られる
現象なのであれば、上記のようなsystematicな変化を調べることは難
しくなる。。 

• 幸運にも（？）、OzDESサーベイ(King+15)で500のQSOを5年モニ
ターreverberationするので、CLAの割合が見えてくるだろう。



まとめ（Koay+12）
• Changing look AGN、かつこの20年で2桁光度を落としたMrk 590をALMAで観測。
分子ガスは枯渇していると予測していた。 

• たしかに、中心~100pc領域ではCO(3-2)放射は受からず、当初の予測をサポート。
MH2 ~ 1e5-6 Msun 

• その一方で、upper limit massの~1e5Msunでも、あと1e5年程度はEdd.limited降着
を持続できる。 
→ もしかしたら、今はたまたま休憩phaseなのかも。 

• Changing look AGNで星形成が弱いのは確からしい。 

• >kpcスケールのガス質量は他のSeyfertと同等。つまり、このスケールのガスはon-
goingな降着には関係ない。 

• 大サンプルのmonitoringで、CLAが全AGNの何%存在するのかを調べることが重要。


