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• Remaining angular momentum of the accreting gas will form 
~10-100 pc scale gaseous CND at the center


• An outer envelope of the putative dusty torus? 
→ mass? size? structure? kinematics? fueling?



Spatial scale: ~100 pc or less (they are not fully resolved)

S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 6. a) Overlay of the CO(3–2) ALMA intensity contours (levels as in Fig. 4a) on the Pa↵ emission HST map (color scale as shown in
counts s�1pixel�1). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) ALMA intensity contours (levels as in Fig. 4c)
on the HST Pa↵ emission map (color scale as shown). The filled ellipses at the bottom right corners represent the CO beam sizes.

Fig. 7. a) Overlay of the CO(3–2) intensity contours (levels as in Fig. 4a) on the dust continuum emission at 349 GHz (color scale in Jy beam�1

units as indicated). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) intensity contours (levels as in Fig. 4c) on the dust
continuum emission at 689 GHz (color scale in Jy beam�1 units as indicated). The filled ellipses at the bottom right corners represent the CO beam
sizes.

We also report the detection of CO(3–2) emission at di↵erent
locations throughout the interarm region. These interarm com-
plexes, which remained undetected in dust emission due to the
lower dynamic range of the Band 7 continuum map, are orga-
nized into a network of filaments that extends out to the edge of
our mapped region.

5.2. HCN, HCO+, and CS maps

Figure 8 shows the integrated intensity maps of NGC 1068 ob-
tained with ALMA in the HCO+(4–3), HCN(4–3), and CS(7–
6) lines. In stark contrast with the CO(3–2) map, most of the
emission in these likely denser gas tracers that are characterized
by ⇠a factor 100 comparatively higher critical densities, stems
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F. Combes et al.: CO in NGC 1566

Fig. 9. Rotational velocity model adopted for NGC 1566 (black open
rectangles), based on the CO data points (blue triangles), and minimiz-
ing the residuals of Fig. 8. The Hα kinematic model from Agüero et al.
(2004) is also shown in red circles. Those data were obtained with 2.′′8-
wide slits, with insufficient spatial resolution to resolve the central peak.
The Hα velocity model rises linearly because of the deficiency of HII re-
gions inside a radius of 22′′ (see text).

Fig. 10. Total CO(3–2) spectrum, integrated over the observed map,
with a FoV of 18′′. The vertical scale is in Jy. The green line is the
result of the Gaussian fit with 3 velocity components (see Table 2). The
spectrum is primary beam corrected.

averaged over the 43′′ beam (Bajaja et al. 1995). This is expected
for thermalized excitation and a dense molecular medium. In
that case the CO(3–2) flux should be higher than the CO(2–1)
by up to a factor of 2.2 (flux varying as ∼ν2 for gas at tempera-
ture larger than 25K and density larger than 104 cm−3). Already
the CO(2–1) spectrum of Bajaja et al. (1995) appears broader
in velocity, which indicates some missing flux in our CO(3–2)
map. The SEST observations point to a total molecular mass of
1.3 × 109 M⊙, and in the central 43′′ beam of 3.5 × 108 M⊙. In

Fig. 11. Top: map of the HCO+(4–3) line in NGC 1566. The adopted
center is drawn with a black cross, and the phase center by a yellow
cross. The color scale is in Jy/beam×MHz (or 0.87 Jy/beam× km s−1).
Bottom: same for HCN(4–3). The beam size of 30 × 20 pc is indicated
at the lower left.

the 22′′ beam, the SEST CO(2–1) spectrum, together with the
CO(2–1)/CO(1–0) ratio of 1, yields a mass 1.7 × 108 M⊙, while
we find 0.7 × 108 M⊙ in our FoV of 18′′ assuming thermally
excited gas, and a Milky-Way like CO-to-H2 conversion factor,
of 2.3 × 1020 cm−2/(K km s−1) (e.g. Solomon & Vanden Bout
2005).

3.5. HCO+ and HCN

Along with CO(3–2), we detect the HCO+(4–3) and HCN(4–3)
emission lines, mainly in the center of the galaxy. The corre-
sponding maps are displayed in Fig. 11, and the integrated spec-
tra in Fig. 12. The lines are mainly detected in the nuclear spiral
structure, and are too faint to see the rest of the nuclear disk.
The HCO+ line is 3 times stronger than the HCN line, which
is expected for starburst galaxies such as M82 (e.g. Seaquist &
Frayer 2000). The detection of these lines reveals a high propor-
tion of dense gas, since the critical densities to excite the J = 4–3
transition of HCO+ and HCN are 6.5 × 106 and 1.6 × 108 cm−3,
respectively.

The integrated intensities and profile characteristics dis-
played in Table 2 reveal that the HCO+ line width is compa-
rable to the CO(3–2) width, while the HCN spectrum appears
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L64 M. Krips et al.: HCN(1–0) emission in NGC6951

Fig. 1. Integrated HCN(1–0) emission (black contours) overlaid on CO(2–1) (color scale; Schinnerer et al., in prep., García-Burillo et al. 2005)
in natural (left; a) and uniform weighting (right; b); the CO and HCN emission have been both integrated from −200 km s−1 to +200 km s−1.
We used a uv-taper for CO to match the angular resolution of our HCN data which is by a factor of ∼2 lower, and obtain identical beamsizes.
Black contours run from 3σ to 23σ (right: 7σ) in steps of 1σ = 0.06 Jy beam−1 km s−1 (right: 1σ = 0.10 Jy beam−1 km s−1); CO(2–1): 3σ =
1.0 Jy beam−1 km s−1(right: 3σ = 1.3 Jy beam−1 km s−1). The black line (left) indicates the major axis of the bar (PA = 100◦) and the grey line the
major axis of the galaxy (PA = 130◦). The black line (right) represents the most extreme central velocity gradients (PA = (160±20)◦). The (0,0)
position is at αJ2000 = 20h37m14.123s and δJ2000 = 66◦06′20.09′′ which is slightly different from the phase centre of the observations.

composite (AGN+SB) galaxies (e.g., Arp 220, M 82,
NGC 6951; Gao & Solomon 2004a,b; Nguyen-Q-Rieu et al.
1992). Inactive galaxies have even lower ratios of RHCN/CO <
0.1. Many different effects can contribute to increased RHCN/CO
in active environments including higher gas opacities/densities
and/or temperatures, non-standard molecular abundances caused
by strong UV/X-ray radiation fields or additional non-collisional
excitation such as IR pumping through UV/X-ray heated dust.
Gao & Solomon (2004a) have ruled out the latter scenario for
large scale HCN emission and the lack of any clear correla-
tion between the hard X-ray and MIR luminosity in AGN (Lutz
et al. 2004) reduces the significances of IR pumping also at small
scales. However, Usero et al. (2004) present strong evidence in
the case of NGC 1068 that the nuclear gas chemistry is dom-
inated by X-ray radiation from the AGN yielding significantly
different molecular abundances than in SB or quiescent environ-
ments (Lepp & Dalgarno 1996; Maloney et al. 1996). Recent
IRAM 30 m observations of several HCN transitions in a sam-
ple of 12 nearby active galaxies also seem to support a signif-
icantly higher HCN abundance in AGN than in SB or inactive
environments, rather than a pure density/temperature or non-
collisional excitation effect (Krips et al., in prep.). If true, this
has a severe impact on the interpretation of RHCN/CO as a mea-
sure of the dense to total molecular gas mass fraction in active
galaxies (e.g., Gao & Solomon et al. 2004a,b) as discussed in
Graciá-Carpio et al. (2006). The study of nearby active galaxies
also reveals the limitations of RHCN/CO as a unique diagnostic in
distant sources whose starburst and AGN components cannot be
separated.

NGC 6951 is an active galaxy of Hubble type SAB(rs)bc at
a distance of 24 Mpc (Tully 1988); its active nucleus is classi-
fied as a transition object between a LINER and a type 2 Seyfert
(Pérez et al. 2000). In addition to its AGN, NGC 6951 also ex-
hibits a pronounced SB ring at a radius of 5′′ (≡480 pc) in Hα

Table 1. HCN(1–0) line parameters, obtained at the various peak (i.e.,
not spatially integrated) by fitting a Gaussian profile to the (naturally
weighted) data. Errors include uncertainties of the fit and calibration.
a From Schinnerer et al., in prep. b From uniformly weighted maps to
avoid contamination by the ring emission. c Spatially integrated over
the entire area of ±9′′; d In mJy; e in Jy km s−1.

Component peak flux FWHM IHCN(1−0) ICO(2−1)
a

(mJy beam−1) (km s−1) (Jy beam−1 km s−1)
N 11 ± 2.0 150 ± 6 1.8 ± 0.2 60 ± 6
W 10 ± 1.0 100 ± 8 1.1 ± 0.1 22 ± 2
E 12 ± 1.0 70 ± 5 1.0 ± 0.1 23 ± 2
S 13 ± 1.0 60 ± 4 0.9 ± 0.1 38 ± 4
Cb 4.8 ± 0.5 170 ± 20 0.9 ± 0.1 2.4 ± 0.2

Total fluxc 36.0 ± 4.0d 320 ± 14 12.0 ± 1.0e 470 ± 50e

(Marquez & Moles 1993; Wozniak et al. 1995; Rozas et al. 1996;
Gonzalez-Delgado & Perez 1997; Perez et al. 2000) and radio
emission (Vila et al. 1990; Saikia et al. 1994, 2002). Strong CO
and HCN emission is associated with the SB ring (e.g., Kohno
et al. 1999a; García-Burillo et al. 2005) while almost no emis-
sion had been hitherto found in the centre of NGC 6951. Only
recently have high angular resolution/high sensitivity PdBI ob-
servations revealed faint CO(2–1) emission in the central 0.5′′
(García-Burillo et al. 2005; Schinnerer et al., in prep.). The latter
observations are part of the PdBI NU(clei of)GA(laxies) project
(e.g., García-Burillo et al. 2003). We observed NGC 6951 in
HCN(1–0) to search for nuclear emission and assess differ-
ences between the SB ring and the AGN; the results of these
observations are presented here.
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0.3 arcsec from a symmetric Gaussian fit to the uv points. Thus, the
line emitting region is compact but nevertheless spatially resolved.

This conclusion is confirmed by comparing the HCN properties
with those of the HCO+ line (Fig. 1, right-hand panel), which has an
integrated flux of 2.13 ± 0.08 Jy km s−1 in a 3 arcsec aperture. The
latter has an FWHM of 1.94 × 1.34 arcsec2 that, given the errors
derived with Monte Carlo realizations listed in Table 3, is consistent
with the corresponding measurement above for the HCN line with
respect to the major axes, but implies a more extended source along
the minor axis. A symmetric Gaussian fitted to the uv table gives
an intrinsic FWHM of 1.7 ± 0.4 arcsec, also in agreement with the
size based on spatial coordinates.

The position angle of the HCO+ major axis appears to differ
slightly from that of the HCN, and their centres are marginally
offset with respect to the continuum. This could reflect different
distributions of the tracers even though the offset observed is of
the same order of the positional accuracy. On the other hand, the
PAs of the red/blue channels for the two lines (see Section 4) are in
much better agreement. The HCN and HCO+ lines are also similar
spectrally. Indeed, a single Gaussian fit to the spectra in Fig. 2 gives
FWHMs of 181 and 175 km s−1 for HCN (top panel) and HCO+

(bottom panel), respectively. We have derived uncertainties of 21
and 16 km s−1 with Monte Carlo techniques.

3.2 NGC 3227

A Gaussian fit to the 3 mm continuum (Fig. 3, left-hand panel) yields
a size of 1.15 × 1.05 arcsec2 FWHM at a position angle of 47◦.
This is very similar to the beam size and indicates the continuum
is spatially unresolved. The 3 mm flux density from the integrated
spectrum (Fig. 4) is 1.56 ± 0.24 mJy, consistent with the 1.79 ±
0.12 mJy obtained from the Gaussian fit to the continuum map.

The HCN line has an integrated flux of 1.86 ± 0.27 Jy km s−1

in a 3 arcsec aperture (Fig. 3, right-hand panel). Comparison with
the previous measurement of 2.1 Jy km s−1 at 2.4 arcsec resolution
(Schinnerer et al. 2000) suggests that very little of the line emission
has been resolved out at our higher resolution, and that most of the
HCN in NGC 3227 does originate from the central compact source.
The compact nature of the HCN emission is in stark contrast to the
CO(2–1) emission, as shown in Fig. 5. Indeed, the CO emission is
distributed around the circumnuclear ring (which is also seen in the
H-band stellar continuum, Fig. 5 and Davies et al. 2006), and very

Figure 3. The 3 mm continuum (left-hand panel, rms = 0.07 Jy beam−1 km
s−1) and HCN (right-hand panel, rms = 0.11 Jy beam−1 km s−1) emission
maps of NGC 3227. Labels are as in Fig. 1. The contour levels in the left-
hand panel are at three, five and seven times the noise level and in the
right-hand panel at two, four and six times the noise level. The white ‘plus’
sign in the right-hand panel indicates the location of the continuum peak.
The continuum is unresolved while the line emission is clearly extended.

Figure 4. Integrated spectrum of NGC 3227 showing the 3 mm continuum
and the HCN line with a Gaussian fit (in blue) showing the large velocity
dispersion of the line (FWHM = 207 km s−1).

little originates from the central arcsec. On the other hand, the HCN
emission is dominated by the nucleus itself.

A symmetric Gaussian fit to the data in the uv plane yields a
projected intrinsic FWHM of 0.8 ± 0.3 arcsec. This is consistent
with the FWHM of 1.5 × 1.04 arcsec2 (at PA 47◦) measured from the
reconstructed image, once the finite beam size is taken into account.
It indicates that the line emission is resolved. However, we note that
the long axis of the nuclear emitting region coincides with the minor
axis of the circumnuclear ring, which as Fig. 5 shows is traced by
the CO(2–1) emission. Along this axis, HCN emission from the ring
may be blended with that from the nucleus, which would bias the
size measurement of the nuclear source. We have therefore separated
these contributions by extracting a profile along this position angle
(see Fig. 6) and fitting three independent Gaussians at fixed positions
– representing the nucleus and a cut through the ring on either side –
to the overall HCN profile. One of these, which would be associated
with the ring to the south-west, has a negligible contribution and
so does not appear in the plot. However, the north-east side of the
HCN profile is clearly broadened by a subsidiary peak. Since the
asymmetry of the full profile can be matched by the addition of a
component at the same location as the CO (which arises from the
ring), we conclude that it is associated with the ring. Accounting
for this reduces the observed FWHM of the nuclear component
slightly to 1.28 arcsec. Quadrature correcting the observed 1.28 ×
1.04 arcsec2 size of this component for the beam indicates that the
intrinsic source size may be as small as 0.5 arcsec along both axes,
a little less than implied by direct fitting of the uv data.

As found in NGC 2273, the HCN line in NGC 3227 has a remark-
ably large velocity width. A simple Gaussian fit to the integrated
spectrum in Fig. 4 gives an FWHM of 207 ± 34 km s−1, where,
as before, we have used Monte Carlo techniques to estimate the
uncertainty.

3.3 NGC 4051

A Gaussian fit to the continuum map of NGC 4051 (Fig. 7, left-hand
panel) gives an FWHM of 1.13 × 0.90 arcsec2 at PA = 82◦. Com-
paring this to the 1.07 × 0.72 arcsec2 beam at 80◦ suggests the 3 mm
continuum is basically unresolved. The mean flux density of 0.9 ±
0.2 mJy measured from the integrated spectra (Fig. 8) is consistent
with the 1.02 ± 0.07 mJy from a Gaussian fit to continuum map.

Symmetric Gaussians directly fitted to the uv data give FWHMs
of 0.85 and 1.35 arcsec for the projected intrinsic size of the HCN
and HCO+ lines, respectively (we note that, as before, because
these sizes are derived from the uv data, they are free of beam
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(d) CS(J=7-6)(c) HCO+(J=4-3)

(b) HCN(J=4-3)

330 pc

(a) CO(J=3-2)  
VLSR > 4900 km s-1

Figure 3. Integrated intensity maps of (a) CO(3-2), (b) HCN(4-3), (c) HCO+(4-3), and (d) CS(7-6), in the central 2 kpc region of NGC 7469. The rms noises (1
σ) are 0.23, 0.06, 0.07, and 0.07 Jy beam−1 km s−1 in (a), (b), (c), and (d), respectively. Note that we could not observe CO(3-2) emission at VLSR > 4900 km s−1

due to our spectral setting, thus the displayed map is incomplete (south-east part is deficient). The white filled ellipses indicate the synthesized beams (∼ 0.50′′
× 0.40′′). The central crosses indicate the peak position of the 860 µm continuum (= nucleus). Contours are: (a) -5, 3, 5, 10, 20, 30, ..., and 130 σ, (b) -5, 3, 5,
10, 20, 30, ..., and 70 σ, (c) -5, 3, 5, 10, 20, 30, 40, and 50 σ, (d) -5, 3, and 5 σ, respectively. Negative contours are indicated by dashed lines. See also Section 2
for the velocity ranges integrated over.

is necessary to realize the observed high RHCN/HCO+ in some
AGNs.

6.2.1. XDR, PDR, and MDR chemistry

The molecular abundances and the resultant column-
integrated line intensities of our target molecules under gas-
phase XDRs and PDRs are extensively modeled by Meijerink
& Spaans (2005) and Meijerink et al. (2007). In their XDR
model, RHCN/HCO+ can exceed unity only at the surface of low-
to-moderate density gas (nH ! 105 cm−3) for a hydrogen col-
umn density (NH) of 1022.5 cm−2 or less, where high X-ray
flux (e.g., FX " 10 erg s−1 cm−2) can be expected. However,
for larger NH where the FX is attenuated, the opposite is true.
This is due to the fact that the range of the ionization rate over
which HCO+ abundance is high is much wider than that of
HCN (Lepp & Dalgarno 1996).

We first discuss the RHCN/HCO+ of the CND of NGC 7469
(denoted as N7469 (CND) in Figure 4), which is compara-
ble to those of some SB galaxies such as NGC 253 despite
its high X-ray luminosity (log L2−10keV = 43.2; Brightman &
Nandra 2011). The spectral contamination from the SB ac-
tivity to our beam (∼ 150 pc), on the other hand, would not
be significant considering the age estimated for the most re-
cent star formation episode in the CND (110-190 Myr, Davies

et al. 2007). How is the cooling time scale? For the same rea-
son, we could safely discard the possibility that a mechanical
heating due to SNe being significantly at work there. In addi-
tion, we can not find any morphological and kinematic signa-
ture of a jet-ISM interaction in the high resolution maps of H2
and Brγ emissions (Hicks et al. 2009; Müller-Sánchez et al.
2011). Therefore, at this moment we simply regard that the
CND of NGC 7469 to be a pure giant XDR. The lack of spa-
tial resolution leads us to observe molecular clouds far away
from the nucleus, of which conditions does not meet the Mei-
jerink et al.’s criterion. The geometry of the type-1 nucleus
and the CND with the inclination angle of 30◦-50◦ (Davies
et al. 2004; Hicks et al. 2009; Müller-Sánchez et al. 2011) can
further boost the line-of-sight NH. Under this situation, the
not so high RHCN/HCO+ , which is a spatially integrated one,
would not be inconsistent to the models in Meijerink et al.
2007. Higher resolution observations are desirable to explore
the spatial distribution of the ratio. Probably we can observe
a higher ratio at the innermost regions of the CND.

Here, we also discuss the RHCN/HCO+ in NGC 1068, whose
X-ray luminosity is quite comparable (log L2−10keV = 43.0;
Marinucci et al. 2012) to that of NGC 7469. Again we can
discard the contamination from PDRs or SNe because of the
moderate stellar age in its CND (200-300 Myr; Davies et al.
2007). García-Burillo et al. (2014) found a high RHCN/HCO+ of
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Fig. 5. Integrated intensity maps in the central 800 ! 800 (560 pc ! 560 pc) region of NGC 1097, derived by calculating the zeroth moment of the ALMA
data cubes. The cross indicates the peak position of the 860 !m continuum. Both maps are shown on the same intensity scale so as to allow easy
comparison. (a) Integrated intensity map of the HCN (J = 4–3) emission over a velocity range from VLSR = 1160 to 1450 km s"1. The value at the
860 !m peak position is 7.5 Jy beam"1 km s"1, and the source size is estimated to be 1:0034 ! 1:0004 with PA = "9:ı1. The beam size is 1:0050 ! 1:0020
with PA = "72:ı4. The contour levels are 5, 10, 20, ###, 70 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1. (b) Integrated intensity map of the
HCO+ (J = 4–3) emission over a velocity range from VLSR = 1215 to 1440 km s"1. The value at the 860 !m peak position is 3.7 Jy beam"1 km s"1,
and the source size is estimated to be 1:0031 ! 1:0006 with PA = "14:ı7. The beam size is 1:0049 ! 1:0018 with PA = "71:ı3. The contour levels are 5, 10,
15, ###, 30 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1.

Fig. 6. ALMA band 7 spectra at the 860 !m peak of NGC 1097. Indicated spectral lines are marked at the systemic velocity of the galaxy (1271 km s"1:
Koribalski et al. 2004). We detected CO (J = 3–2), HCN (J = 4–3), and HCO+ (J = 4–3) with > 3 " significance. Other lines are undetected by this
observation. Full line names and line parameters are listed in table 4. The velocity resolutions and rms noise levels are in table 2. Colors indicate the
different spectral windows (spw 0, 1, 2, and 3, from left to right) and the continuum emission has already been subtracted.

profile). We assume that the velocity error is ˙1 channel
(8.3 km s"1). The total integrated flux within the central
r $ 2:005 (175 pc) is 13.6 ˙ 0.2 Jy km s"1 for HCN (J = 4–3),
and 7.8 ˙ 0.2 Jy km s"1 for HCO+ (J = 4–3), respectively.
Even at a degraded % 50 km s"1 resolution, no emission
from the lines indicated in figure 6 was detected other than
HCN (J = 4–3), HCO+ (J = 4–3), and CO (J = 3–2). Upper
limits to the integrated intensities were derived for these unde-
tected transitions assuming a Gaussian profile with an FWHM
similar to ∆v derived for HCN (J = 4–3). By using these

derived values, for example, the H12CN to H13CN line ratio
is > 12.7 (3 " ) on the brightness temperature scale, indicating
that our main target line, HCN (J = 4–3), has # < a few, and is
not severely optically thick, considering the 12C=13C isotopic
ratio obtained so far [e.g., % 50 in Galactic sources: Lucas and
Liszt (1998), > 40 in starburst galaxies: Martı́n et al. (2010)].

It should be noted that among the lines listed in table 4,
HCN (J = 4–3) and HCO+ (J = 4–3) could be observed in
high-redshift objects by using ALMA, since these lines are
relatively strong (detectable), and they are still within the
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CNDs in nearby Seyfert galaxies

Missing link in the scenario of AGN-fueling!!



AGNs seem to have gaseous disk, 

whereas non-AGNs do not.  

(Hicks et al. 2013, ApJ, 768, 107)

CNDs in nearby Seyfert galaxies 
The Astrophysical Journal, 768:107 (17pp), 2013 May 10 Hicks et al.

Figure 4. Pair 1: NGC 3227(1a) 2D maps of CO absorption (stars) and H2 emission (molecular gas). Maps are as labeled from left to right: observed flux, velocity,
and velocity dispersion. 2D maps of CO are in the top row and H2 in the bottom row, as indicated in the lower right of each set along with the galaxy name and pair
identification. In all maps north is up and east is to the left.
(A color version of this figure is available in the online journal.)

Figure 5. Pair 1: IC 5267 (1q) 2D maps. See Figure 4 for details.
(A color version of this figure is available in the online journal.)

emission. The best-fit stellar template, which was generated
from a stellar library (with no reddening applied), consisted of
a combination of only late-type supergiants and no F- or G-type
stars. The best-fit dust temperature was 370 K, which results
in a stellar fraction of 0.33 at 2.29 µm. The observed low CO
bandhead EQW of 5 Å can also be used to roughly estimate the
stellar fraction since, as discussed, its value should intrinsically
be about 12 Å. This approach gives a stellar fraction of 0.42
(=5 Å/12 Å), which is reasonably consistent with the fraction
derived from the spectral fit. The spectrum of NGC 628 is thus
dominated by warm/hot dust emission (potentially heated by a
young stellar population which does not contribute to the near-
IR emission) because of the lack of a significant contribution
from late-type stars. Supporting this picture, Zou et al. (2011)
find evidence for the previously presumed spheroid to actually
be composed of a disk-like stellar component, a nucleus, and
nuclear spiral plus ring structures with young stellar populations.
Interestingly, this conclusion suggests that the observed unique
near-IR photometric and kinematic characteristics might be a
useful way to identify galaxies for which the spheroid is a
misclassified disk-like structure.

4. DIFFERENCES IN GLOBAL PROPERTIES
WITHIN A RADIUS OF 250 pc

An analysis of the global properties of the matched sample
shows some significant differences between the subsamples in
properties that are likely related to fueling of BHs in Seyfert
galaxies. All observed properties derived from the line profile
analyses described in Section 3 (flux distribution, velocity, and
velocity dispersion) were analyzed in both the stars and molecu-
lar gas to identify differences between the Seyfert and quiescent
galaxy subsamples. This was carried out by considering a range
of apertures and annuli, as shown in Figures 15–20. Circular
apertures were used since there is no systematic difference in
the subsample large-scale inclinations, and thus the effect of
using circular versus elliptical apertures will be similar across
the two subsamples. For the luminosities reported the uncertain-
ties are dominated by the 10% accuracy of the flux calibration.
For the kinematics (e.g., velocity dispersion), mean values are
an average of all bins uniformly weighted (i.e., not luminosity
weighted) and uncertainties are taken to be the standard devia-
tion of values within the aperture considered.
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AGN-SB connection@CND?

5

If circumnuclear starburst 
regulate the mass accretion 

onto the SMBH, how?

• SFR—dMBH/dt correlation


• Its origin is unknown


• Time delay → causal link?

The Astrophysical Journal, 746:168 (14pp), 2012 February 20 Diamond-Stanic & Rieke

Figure 4. Ratio of SFRs derived from the [Ne ii] line, using the method of
Meléndez et al. (2008b) to subtract the AGN contribution to [Ne ii], to SFRs
derived from the 11.3 µm aromatic feature as a function of the [O iv]/[Ne ii]
ratio. We find that the Meléndez et al. (2008b) method can overestimate SFRs
for sources with [O iv]/[Ne ii] < 0.3 and underestimate SFRs for sources with
[O iv]/[Ne ii] > 1.

& Rieke 2010). That said, if such destruction were important, it
would mean that the connection between star formation rate and
black hole accretion (a central result of this paper; see Section
5) is actually stronger than we have presented. We therefore
adopt the 11.3 µm aromatic feature as the most robust tracer of
the SFR for our sample. We adopt an uncertainty of 0.2 dex on
conversions between the 11.3 µm aromatic feature strength and
IR luminosity based on the scatter in this ratio for the SINGS
sample (Smith et al. 2007b) and an additional uncertainty of
0.2 dex for conversions between IR luminosity and SFR (Rieke
et al. 2009). Adding these in quadrature, the uncertainty on SFRs
obtained from Equation (2) is 0.28 dex.

5. RESULTS

5.1. Black Hole Accretion versus Nuclear Star Formation

In Figure 5, we show the relationship between BHAR, as
traced by [O iv], and nuclear SFR, as traced by the 11.3 µm
aromatic feature. A strong correlation is apparent: Seyfert
galaxies with larger BHARs tend to have larger nuclear SFRs.
We use the linear regression method8 outlined by Kelly (2007)
to quantify the relationship between nuclear SFR and BHAR:

SFR(11.3 µm, M⊙ yr−1) = 7.6+9.8
−3.9

(
ṀBH

M⊙ yr−1

)0.80+0.14
−0.12

. (4)

The uncertainties on the regression parameters above corre-
spond to the interval that includes 90% of the posterior distri-
bution for each parameter (see Table 2). The best-fit regression
line and 95% confidence interval, given the uncertainties in
the regression parameters, are shown as solid and dashed lines
in Figure 5. The observed scatter around this relationship is
0.52 dex (treating BHAR upper limits as detections), although
the posterior median estimate of the intrinsic scatter is 0.37 dex

8 Code available from the IDL Astronomy User’s Library (linmix_err.pro),
http://idlastro.gsfc.nasa.gov/.

Figure 5. Relationship between nuclear SFR as traced by the 11.3 µm aromatic
feature and BHAR as traced by [O iv]. Seyfert galaxies with high accretion rates
also tend to have enhanced nuclear SFRs. The solid line is the best-fit relationship
(Equation (4)), and the dotted lines show the 95% confidence interval on the
regression line.

Figure 6. Relationship between [O iv] flux and 11.3 µm aromatic feature flux.
The correlation between these two observed quantities is statistically significant,
illustrating that the connection between the derived physical quantities (nuclear
SFR and BHAR) is real and not just driven by the distance-squared factor in
luminosity–luminosity plots.

(see Table 2), suggesting that much of the observed scatter may
be driven by the measurement errors on SFR and BHAR.

To test whether the relationship between SFR and BHAR
could be driven by the distance dependence inherent in
luminosity–luminosity plots, in Figure 6 we show the relation-
ship between the observed quantities, 11.3 µm aromatic feature
and [O iv] flux. The correlation in this flux–flux plot is still sta-
tistically significant (Spearman’s ρ = 0.66, probability of no
correlation p < 1 × 10−6; Isobe et al. 1986; Lavalley et al.
1992), confirming the reality of this relationship.

We investigate the behavior of the SFR/BHAR ratio
as a function of BHAR in Figure 7; the median ratio
SFR/BHAR = 23 is shown as a dotted line. A mild anti-
correlation exists such that sources with large accretion rates
tend to have smaller SFR/BHAR ratios (Spearman’s ρ =−0.48,
p = 8 × 10−5). Thus, consistent with the sub-linear slope in
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Correlation coefficient = 0.95
Intrinsic scatter = 0.37 dex

of parsecs they are an order of magnitude below the Eddington
limit. On the other hand, we have already seen that the lowWBr!

indicates that there is little ongoing star formation and hence that
the starbursts are short lived. This is important because short-
lived starbursts fade very quickly. As shown in Figure 6, for a
decay timescale of "SF ¼ 10 Myr, L"bol will have decreased from
its peak value by more than an order of magnitude at an age of
100 Myr. Thus, it is plausible, and probably likely, that while the
star formation was active, the stellar luminosity was an order of
magnitude higher. In this case the starbursts would have been at,
or close to, their Eddington limit at that time.

The luminosity-to-mass ratio of 500 L# M$1
# associated with

the Eddington limit is in fact one that all young starbursts would
exceed if, beginning with nothing, gas was accreted at the same
rate that it was converted into stars. That, however, is not a
realistic situation. A more likely scenario, shown in Figure 10,
is that the gas is already there in the disk. In this case, a starburst
with a star-forming timescale of 100 Myr could never exceed
100 L# M$1

# . To reach 500 L# M$1
# , the gas would need to be

converted into stars on a timescale P10 Myr. This timescale is
independent of how much gas there is. Thus, for a starburst to
reach its Eddington limit, it must be very efficient, converting a
significant fraction of its gas into stars on very short %10 Myr
timescales. This result is consistent with the prediction of the
Schmidt law, which states that disks with a higher gas surface
density will form stars more efficiently. The reason is that the
star formation efficiency is simply SFE ¼ !SFR/!gas / !0:4

gas.
Thus, from arguments based solely on the Schmidt law and mass
surface density, one reaches the same conclusion that the gas sup-
ply would be used rather quickly and the lifetime of the starburst
would be relatively short.

Summarizing the results above, a plausible scenario could be
as follows. The high gas density leads to a high star formation rate,
producing a starburst that reaches its Eddington limit for a short
time. Because the efficiency is high, the starburst can only be ac-
tive for a short time and then begins to fade. Inevitably, one would

expect that the starburst is then dormant until the gas supply is
replenished by inflow. This picture appears to be borne out by the
observations presented here.

5. STARBURST-AGN CONNECTION

In the previous sections we have presented and discussed evi-
dence that in general there appears to have been moderately re-
cent star formation on small spatial scales around all the AGNs
we have observed. Figure 11 shows the first empirical indication
of a deeper relationship between the star formation and the AGN.
In this figure we show the luminosity of theAGN, both in absolute
units of solar luminosity and also in relative units of its Eddington
luminosity LEdd, against the age of the most recent known nuclear
star-forming episode. Since theAGN luminosity is notwell known,
we have made the conservative assumption that it is equal to half
the bolometric luminosity of the galaxy, as may be the case for
NGC 1068 (Pier et al. 1994; but see also Bland-Hawthorne et al.
1997). To indicate the expected degree of uncertainty in this as-
sertion, we have imposed error bars of a factor of 2 in either di-
rection, equivalent to stating that the AGN luminosity in these
specific objects is likely to be in the range 25%Y100%of the total
luminosity of the galaxy. The Eddington luminosity is calculated
directly from the black hole mass, for which estimates exist for
these galaxies from reverberation mapping, theMBH-#

" relation,
maser kinematics, etc. These are listed in Table 2. For the age of
the star formation, we have plotted the time since the most recent
known episode of star formation began, as given in Table 3. For
galaxies where a range of ages is given, we have adopted these to
indicate the uncertainty; the mean of these, roughly &30%, has
been used to estimate the uncertainty in the age for the rest of the
galaxies.We note that these error bars reflect uncertainties in char-
acterizing the age of the star formation from the available diagnos-
tics and also in the star formation timescale "SF. However, there
are still many implicit assumptions in this process, and we there-
fore caution that the actual errors in our estimation of the starburst
ages may be larger than that shown.

Fig. 11.—Graph showing how the luminosity of an AGN might be related to the age of the most recent episode of nuclear star formation. On the left is shown the
luminosity in solar units; on the right, it is with respect to the Eddington luminosity for the black hole. Generally the luminosity of the AGN is not well known and so we
have approximated it by 0.5Lbol and adopted an uncertainty of a factor of 2. The starburst age refers to our best estimate of the most recent episode of star formation within
the central 10Y100 pc, as given in Table 3. See the text for details of the adopted uncertainties.

DAVIES ET AL.1398 Vol. 671

Davies et al. 2007, 
ApJ, 671, 1388

Time Delay



This study
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• To rebuild the AGN-SB connection individually 
by molecular gas observations 

• To investigate the fueling mechanism of AGN at 
the spatial scale of CNDs



Data

7

• HCN(1-0) line luminosity → Mdense 

- selectively probe orders of magnitude denser gas than that CO(1-0) does 
→ e.g., Gao & Solomon 2004, ApJ, 606, 271; Krips et al. 2008, ApJ, 677, 262 
- 9 interferometric data (ALMA, PdBI, NMA, θmed=200 pc) + 23 single dish 
data (NRO45m, IRAM30m, etc, θmed=6.2kpc) 
→ “from the host galaxy to the CND”


• Absorption corrected 2-10 keV X-ray luminosity → dMBH/dt 
- bolometric correction: Marconi et al. 2004, MNRAS, 351, 16  
- η = 0.1 is assumed, e.g., Alexander & Hickox 2012, New A. Rev. 56, 93


• MBH: Stellar/gas kinematics, maser, reverberation, M-σ*


• Bayesian-based regression analysis 
- linmix_err (IDL routine); Kelly 2007, ApJ, 665, 1489  
→ posterior distribution of each regression parameter can be obtained

Total 32 Seyfert galaxies with the following data are used
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Figure 3. Posterior distributions for the intercept (α), slope (β), intrinsic scatter (σint), and correlation coefficient (ρ) for the log (Mdense)–log (ṀBH) relationship
(Figure 2b). Colors indicate the IT- (blue) and SD- (gray) sample, respectively. The width of each bin is fixed to 0.05 in these plots. Note that the regression
analysis for the log (L′

HCN)–log (LX) yields similar parameter distributions like these.

Table 3
Results from the regression analysis

Data Median aperture α β σint ρ

(1) (2) (3) (4) (5) (6)

log (L′
HCN)–log (LX) correlation

IT-sample 195 pc 37.45+4.10
−5.05 0.70+0.55

−0.60 0.93+0.51
−0.33 0.74+0.18

−0.42

SD-sample 6.2 kpc 40.05+2.70
−2.55 0.27+0.34

−0.35 1.03+0.23
−0.18 0.23+0.23

−0.27

log (Mdense)–log (ṀBH) correlation

IT-sample 195 pc −10.85+7.35
−7.95 1.06+0.89

−0.78 0.94+0.47
−0.38 0.82+0.14

−0.39

SD-sample 6.2 kpc −5.85+4.35
−4.05 0.34+0.46

−0.46 1.16+0.27
−0.22 0.26+0.24

−0.29

log (Mdense/MBH)–log (ṀBH) correlation

IT-sample 195 pc −3.41+0.45
−0.47 1.58+0.81

−0.69 0.58+0.41
−0.35 >0.74

SD-sample 6.2 kpc −3.39+0.63
−0.68 0.60+0.45

−0.45 1.08+0.27
−0.21 0.46+0.23

−0.29

Note. — We assumed the formulation of log ζi = α + β × log ξi + ϵi (see Section 3) for three regression pairs of (ξ, ζ) = (L′
HCN, LX), (Mdense, ṀBH), and

(Mdense/MBH, ṀBH). Column 1: type of the sample. Column 2: the median aperture for HCN(1-0) measurement. Columns 3–6: the intercept (α), slope (β),
intrinsic scatter (σint), and correlation coefficient (ρ) of the regression. The quoted values correspond to the mode of the posterior distribution and the range
around the mode that encompasses 68% fraction of the distribution, based on the estimation from the IDL code linmix_err (Kelly 2007). Note that the distribution
of ρ of the IT-sample does not show a clear turnover for the case of log (Mdense/MBH)–log (ṀBH) correlation. We thus show the lower limit of ρ instead, i.e., 0.74
≤ ρ ≤ 1.0 contains 68% of the posterior distribution.

Interferometer

Single dish

Correlation coefficient

0.82
0.26
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• Positive correlation: importance of external regulator on dMBH/dt? 
→ virtually equivalent to SFR-dMBH/dt correlation 


• Large scatter: need for other parameters?

6 T. IZUMI ET AL.

Figure 2. Observed scatter plot of (a) L′
HCN–LX and (b) Mdense–ṀBH, in the logarithmic scale. Blue circles and gray squares indicate that the HCN(1-0) emission

was obtained with interferometers (median spatial resolution θmed = 195 pc; IT-sample) and single dish telescopes (θmed = 6.2 kpc; SD-sample), respectively.
The double symbols indicate type-2 AGNs hereafter. Best-fit regressions are shown by the solid and the dashed line for IT- and SD-samples, respectively. See
also Section 2 for the derivation of each parameter and Section 3 for the details about the regression analysis. The best-fit regression parameters can be found in
Table 3.

Figure 3. Posterior distributions for the intercept (α), slope (β), intrinsic scatter (ϵ0), and correlation coefficient (ρ) for the log (Mdense)–log (ṀBH) relationship.
Colors indicate the IT- (red) and SD- (blue) sample, respectively. The width of each bin is fixed to 0.05 in these plots. Note that the regression analysis for the
log (L′

HCN)–log (LX) yields similar parameter distributions like these.

Izumi et al. submitted to ApJ. 

Interferometer

Single dish

Result: Mdense-dMBH/dt correlation
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rout
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ṀBH

(MBH) (Mdense)
Supermassive black hole Circumnuclear disk

rin,eff

Ṁnuclear

Figure 7. Schematic picture for a supernova-driven turbulent accretion model. The vertical height of the circumnuclear disk (CND) is supported by the turbulent
pressure due to supernova explosions. rin,eff and rout are the effective innermost radius and the outermost radius of the CND (see also the text for details). This
CND with the gas mass of Mdense fuels the nuclear events at the rate of Ṁacc as the form of black hole mass accretion (ṀBH) or nuclear wind (Ṁwind). We sum up
these two events into Ṁnuclear.

Figure 8. Scatter plot of the mass accretion rate at the effective innermost radius (rin,eff) of the CNDs (Ṁacc) predicted by SN-driven turbulence model (Kawakatu
& Wada 2008), and the total nuclear mass flow rate at the nuclear region (Ṁnuclear ≡ ṀBH + Ṁwind). The overlaid lines indicate that Ṁnuclear is 1000% (green,
dashed), 100% (cyan, dot-dashed), and 10% (magenta, dotted) of Ṁacc. There is a remarkable agreement between Ṁnuclear and Ṁacc in these galaxies.
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Direct comparison with the model
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Figure 1. Two-dimensional maps of the H2 flux distribution, velocity, and velocity dispersion, from left to right, for each Seyfert galaxy observed with SINFONI. In
all maps of galaxies observed with SINFONI, north is alighted with the y-axis and east is to the left. The circled cross marks the location of the nonstellar continuum.
(A color version of this figure is available in the online journal.)

kinematics are consistent with that fit of the stellar kinematics,
and we conservatively assume the best-fit values to the stellar
kinematics when possible. The azimuthal average of the flux
distribution and kinematics in each galaxy are also computed,
correcting for these best-fit PA and inclination angles, to further
investigate the general properties of H2 in the observed AGN
(Figures 3 and 4).

The flux distribution, rotational velocity, and velocity dis-
persion as a function of radius were also determined for each
of the single-slit ISAAC spectra. This is achieved by fitting a
Gaussian to the emission-line profile in a spatial region deter-
mined by binning pixels until at least a 5σ detection of the H2
emission is reached. A single Gaussian is found to be a suit-
able representation of the emission-line profile in all three of
the galaxies observed. The H2 velocity and σ of the gas on the
larger scales measured with ISAAC, as well as a comparison

to the smaller scale kinematics measured with SINFONI, are
shown in Figure 5.

We have chosen to exclude NGC 1068 from the AGN sample
because it is the only galaxy in the sample for which the
H2 kinematics are dominated by noncircular motions rather
than, as for all other galaxies in the sample, by rotation in the
gravitational potential implied by the nuclear stellar kinematics
(see Section 3.2). The H2 kinematics of NGC 1068 differ from
circular rotation by as much as 100 km s−1, and, as discussed
in detail in Müller Sánchez et al. (2009), suggest an inflow of
material toward the central BH. The high spatial resolution of
the NGC 1068 observations can be ruled out as the reason for
the complexity of the kinematics since the 6 pc resolution is
comparable to that achieved with four other galaxies (FHWM
< 10 pc) and two of these have data with a resolution even
better than that of NGC 1068. Although we do not include

150 pc

Hicks et al. 2009, ApJ, 696, 448

2.12 μm H2 1-0 S(1) 
VLT/SINFONI

The Astrophysical Journal, 780:86 (15pp), 2014 January 1 Esquej et al.

Figure 8. (Continued)

13

11.3μm PAH feature 
→ SFR 
= SFE * Mgas

Esquej et al. 2014, ApJ, 780, 86

The case of NGC 7469

reverberation → MBH 

(Peterson et al. 2014, ApJ, 795, 149)
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Figure 6. Scatter plot of the mass accretion rate at the effective innermost radius (rin,eff) of the CNDs (Ṁacc) predicted by SN-driven turbulence model (Kawakatu
& Wada 2008), and the black hole accretion rate (ṀBH). The overlaid lines indicate that ṀBH is 100% (green, dashed), 10% (cyan, dot-dashed), and 1% (magenta,
dotted) of Ṁacc. In NGC 3227 and NGC 7469, we found ṀBH ∼ Ṁacc, indicating that most of the mass accreted from rin,eff goes to the black hole accretion. On
the other hand, ṀBH ≪ Ṁacc in NGC 1097 and NGC 4051. Although the uncertainty in both Ṁacc and ṀBH are large, this discrepancy suggests another source
of mass flow, e.g., disk winds (see also Figure 7 and 8).

Table 4
Parameters of the CNDs for the model prediction

Target rout rX rQ SFR/aperture Ref. C∗ log (Ṁacc) log (Ṁwind) Ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NGC 1097 28.8 0.38 2.1 0.14/250 1 2.7×10−9 -3.32±0.32 - -
NGC 3227 34.9 0.95 2.0 0.07/60 2 3.4×10−9 -2.87±0.43 - -
NGC 4051 7.6 0.46 0.43 0.11/140 1 2.9×10−8 -2.22±0.33 -2.39 3,4
NGC 7469 30.8 2.2 0.84 1.19/260 2 6.0×10−9 -1.20±0.30 -1.22 5

Note. — Column 1: name of the sample galaxy that have both the interferometric HCN(1-0) emission data and high resolution H2 1-0 S(1) data obtained with
integral field unit instruments (Hicks et al. 2009). Column 2: the outermost radius of the CND in the unit of pc. Column 3: the critical radius that satisfies the
condition of fH2 = fHI from XDR calculations (Maloney et al. 1996). Column 4: the critical radius in the unit of pc that satisfies the condition of Q = 1. Column 5:
estimated SFR [M⊙ yr−1] based on the 11.3 µm PAH emission and the (geometrically averaged) circular aperture for the measurement in the unit of pc. Column
6: reference for Column 5. Column 7: estimated SFE in the unit of yr−1 by using SFR in Column 5 and Mdense of the CND as C∗ = SFR/Mdense. Column 8:
logarithmic scale mass accretion rate at rin,eff = max[rQ, rX] based on the SN-driven turbulence model (Kawakatu & Wada 2008). We assume that the uncertainty
is driven by that of Mdense/MBH. Column 9 and 10: logarithmic scale value of the observed mass outflow rate in the X-ray warm absorber + UV absorber found
in literature, and the reference for it. References: (1) Diamond-Stanic & Rieke (2012), (2) Esquej et al. (2014), (3) Krongold et al. (2007), (4) Kraemer et al.
(2012), (5) Blustin et al. (2007).

where αdisk denotes the viscous alpha-parameter in the accre-
tion disk (Shakura & Sunyaev 1973; Pringle 1981). We here
consider the accretion disk with r = 0.1 pc (typical size of
water maser disks; Kuo et al. 2011) around the SMBH with
107 M⊙. Recent numerical simulations succeeded in reveal-
ing that αdisk = 0.01–0.1 due to magneto-rotational instability
in the disk (e.g., Machida & Matsumoto 2003). Then, putting
αdisk = 0.1 and (h/r) = 0.01 (typical value assumed in stan-

dard disk models) to Equation (10), we obtain τvis ∼ 20 Myr.
This time could be accelerated by orders of magnitude for
the case of the advection-dominated accretion flow (ADAF;
Abramowicz & Fragile 2013) considering its high aspect ra-
tio, h/r ∼ 1.

In either case, we speculate that the accretion time scale is,
if comparable to τvis, at most a few × 10 Myr. This value
is smaller than the typical τSF (! 100 Myr; Schawinski et al.
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NGC 1097 28.8 0.38 2.1 0.14/250 1 2.7×10−9 -3.32±0.32 - -
NGC 3227 34.9 0.95 2.0 0.07/60 2 3.4×10−9 -2.87±0.43 - -
NGC 4051 7.6 0.46 0.43 0.11/140 1 2.9×10−8 -2.22±0.33 -2.39 3,4
NGC 7469 30.8 2.2 0.84 1.19/260 2 6.0×10−9 -1.20±0.30 -1.22 5

Note. — Column 1: name of the sample galaxy that have both the interferometric HCN(1-0) emission data and high resolution H2 1-0 S(1) data obtained with
integral field unit instruments (Hicks et al. 2009). Column 2: the outermost radius of the CND in the unit of pc. Column 3: the critical radius that satisfies the
condition of fH2 = fHI from XDR calculations (Maloney et al. 1996). Column 4: the critical radius in the unit of pc that satisfies the condition of Q = 1. Column 5:
estimated SFR [M⊙ yr−1] based on the 11.3 µm PAH emission and the (geometrically averaged) circular aperture for the measurement in the unit of pc. Column
6: reference for Column 5. Column 7: estimated SFE in the unit of yr−1 by using SFR in Column 5 and Mdense of the CND as C∗ = SFR/Mdense. Column 8:
logarithmic scale mass accretion rate at rin,eff = max[rQ, rX] based on the SN-driven turbulence model (Kawakatu & Wada 2008). We assume that the uncertainty
is driven by that of Mdense/MBH. Column 9 and 10: logarithmic scale value of the observed mass outflow rate in the X-ray warm absorber + UV absorber found
in literature, and the reference for it. References: (1) Diamond-Stanic & Rieke (2012), (2) Esquej et al. (2014), (3) Krongold et al. (2007), (4) Kraemer et al.
(2012), (5) Blustin et al. (2007).

where αdisk denotes the viscous alpha-parameter in the accre-
tion disk (Shakura & Sunyaev 1973; Pringle 1981). We here
consider the accretion disk with r = 0.1 pc (typical size of
water maser disks; Kuo et al. 2011) around the SMBH with
107 M⊙. Recent numerical simulations succeeded in reveal-
ing that αdisk = 0.01–0.1 due to magneto-rotational instability
in the disk (e.g., Machida & Matsumoto 2003). Then, putting
αdisk = 0.1 and (h/r) = 0.01 (typical value assumed in stan-

dard disk models) to Equation (10), we obtain τvis ∼ 20 Myr.
This time could be accelerated by orders of magnitude for
the case of the advection-dominated accretion flow (ADAF;
Abramowicz & Fragile 2013) considering its high aspect ra-
tio, h/r ∼ 1.

In either case, we speculate that the accretion time scale is,
if comparable to τvis, at most a few × 10 Myr. This value
is smaller than the typical τSF (! 100 Myr; Schawinski et al.

100%

10%

1%

Izumi et al. submitted to ApJ. 

= 
SM

BH
 a

cc
re

tio
n 

ra
te

s

= Mass from CNDs 

Direct comparison with the model

Most mass from the CNDs is  
consumed for SMBH growth

Only < 10% mass from the CNDs  
are going to the SMBHs



12

14 T. IZUMI ET AL.

rout
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Figure 7. Schematic picture for a supernova-driven turbulent accretion model. The vertical height of the circumnuclear disk (CND) is supported by the turbulent
pressure due to supernova explosions. rin,eff and rout are the effective innermost radius and the outermost radius of the CND (see also the text for details). This
CND with the gas mass of Mdense fuels the nuclear events at the rate of Ṁacc as the form of black hole mass accretion (ṀBH) or nuclear wind (Ṁwind). We sum up
these two events into Ṁnuclear.

Figure 8. Scatter plot of the mass accretion rate at the effective innermost radius (rin,eff) of the CNDs (Ṁacc) predicted by SN-driven turbulence model (Kawakatu
& Wada 2008), and the total nuclear mass flow rate at the nuclear region (Ṁnuclear ≡ ṀBH + Ṁwind). The overlaid lines indicate that Ṁnuclear is 1000% (green,
dashed), 100% (cyan, dot-dashed), and 10% (magenta, dotted) of Ṁacc. There is a remarkable agreement between Ṁnuclear and Ṁacc in these galaxies.

= 
SM

BH
 a

cc
re

tio
n 

+ 
di

sk
 w

in
d

Mass from the CND  
= SMBH accretion  
   + mass outflow as disk winds

Izumi et al. submitted to ApJ. 

= Mass from CNDs

100%1000%

Direct comparison with the model



12

14 T. IZUMI ET AL.

rout
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Speculation on this scenario 
• CNDは星形成活動を示すので、SNeも自然と期待できる。 

e.g., Esquej et al. 2014, ApJ, 780, 86  
→ ~ 103-4 yrに一回爆発


• 爆発の影響で、ガスはclumpyな構造に。 

→ clumpy torus? nuclear obscuration?


• 粘性降着のタイムスケールは、 

- CND: a few Myr 
- 降着円盤: < ~a few×10 Myr


• 星形成の持続時間は~100Myr程度 

→ AGN-SBのcausal connectionは可能

66 WADA, PAPADOPOULOS, & SPAANS Vol. 702

(a)

(b)

(c)

Figure 2. Cross sections (a) gas density [M⊙ pc−3], (b) temperature [K] and (c) H2 density [M⊙ pc−3] on x–y and x–z planes of model H10a (t = 4.38 Myr).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Model G0 ∆ [pc] SN rate [10−5 yr−1]

H10a 10 0.125 5.4
L10a 10 0.25 5.4
H100a 100 0.125 5.4
L100a 100 0.25 5.4
L100b 100 0.25 54.0
L100b* 100 0.25 54.0
L100c 100 0.25 540.0

Notes. “H/L” represents “High/Low” resolution (∆, size of a numerical grid
cell), “100/10” represents intensity of far ultraviolet radiation in the Habing unit
(G0), and suffix “a-c” represent the average supernova rate (SN rate). L100b*
is the same as L100b, but energy from supernovae is injected in a larger scale
height, i.e., |z| ! 10 pc.

is included in the ISM+stars model, and we intend to do so in a
future paper.

3. RESULTS

3.1. Structures of a Fiducial Model

In a quasi-steady state (t ! 3.5 Myr), as reported by
WN02, the gas forms a highly inhomogeneous, flared disk,
as seen in Figure 2, which shows gas density, temperature
and molecular hydrogen density in model H100a at t = 4.38
Myr. The temperature map shows that cold (Tg " 100 K)
gas is mainly distributed in the high-density regions. In the
central funnel-like cavity, the temperature of the gas is hot
(Tg ! 106 K). Hot gases are also patchily distributed in the
cold, flared disk. Typical size of these hot cavities is a few
parsecs. A large fraction of the volume is occupied by warm
gas (Tg ≃ 8000 K). As expected, distribution of H2 roughly
follows the cold, dense gas, and therefore it forms a high-density
circum nuclear disk whose radius is about 5 pc, surrounded
by a porous torus which extends to ∼5–10 pc above the disk
plane.

SN rate = 5.4×10-5 yr-1

Wada et al. 2009, ApJ, 702, 63
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plane.

SN rate = 5.4×10-5 yr-1

Wada et al. 2009, ApJ, 702, 63

Viewing angle [deg]

lo
g 

N
H

水素柱密度のViewing Angle依存性



14

Speculation on this scenario 
• Can we form high mass end (MBH ~ 1e9 Msun) SMBHs within 1e9 year? 

- Partial fraction of the CND's gas will consumed for SF 
- Enormous amount of gas (>~1e10-11Msun) is required even when we 
assume the SMG-class SFE


• SMBH merger is critical for making high-mass-end objects?2 Yan et al.

4000 Å-10000 Å. If this sharp drop off is due to extinction, it
requires a large dust reddening of Av ∼ 7mag at λ ∼ 2500−
4000 Å and a small dust reddening ∼ 0.5mag at < 2500 Å
(Veilleux et al. 2013). Thus, an unusual complex geometric
structure for the extinction material surrounding the disk must
be designed (Veilleux et al. 2013; Leighly et al. 2014).
Second, Mrk 231 is an extremely powerful Fe II emitter as

suggested by the spectrum on the blue side of Hα and on both
sides of Hβ . Such a high level of optical Fe line emission
suggests a significant amount of Fe line emission at the UV
band; however, it is not visible in the observed UV spectrum
(Veilleux et al. 2013; Leighly et al. 2014).
Third, a number of broad low-ionization absorption line

systems, such as Na I D, Ca II, Mg II, Mg I, and Fe II, have been
identified in the optical-to-UV spectrum, which suggests that
Mrk 231 should be an Fe low-ionization broad absorption line
quasar (FeLoBAL) (Veilleux et al. 2013). However, the ex-
pected corresponding absorption features at the UV and FUV
bands are not evident.
Fourth, the hard X-ray emission of Mrk 231 is extremely

weak. The intrinsic, absorption corrected, X-ray luminosity
at 2-10 keV is L2−10keV ∼ 3.8 × 1042erg s−1, and the ra-
tio of L2−10keV to the bolometric luminosity (inferred from
the optical luminosity) is only ∼ 0.0003 (Saez et al. 2012;
Teng et al. 2014), almost two orders of magnitude smaller
than the typical value (∼ 0.03) of a quasar with a similar bolo-
metric luminosity (Hopkins et al. 2007).
Below we show that the above first feature, the anoma-

lous UV continuum, is a distinct prediction of a BBH–disk
accretion system as shown in Figure 1. The last three fea-
tures, commonly interpreted under the context of complicated
outflows with absorptions, can be also accommodated under
the framework of the BBH–disk accretion, e.g., the wind fea-
tures are consistent with the Fe absorption features of a typical
FeLoBAL, and Mrk231’s intrinsic X-ray weakness is also a
natural consequence of a BBH–disk accretion system with a
small mass ratio.

3. OPTICAL-TO-UV CONTINUUM FROM A BINARY BLACK
HOLE—(TRIPLE-)DISK ACCRETION SYSTEM

Considering a BBH system resulting from a gas rich
merger, the BBH is probably surrounded by a circumbinary
disk, and each of the two SMBHs is associated with a mini-
disk (see Fig. 1). In between the circumbinary disk and
the inner mini-disks, a gap (or hole) is opened by the sec-
ondary SMBH, which is probably the most distinct feature
of a BBH–disk accretion system, in analogy to a system
in which a gap or hole is opened by a planet migrating in
the planetary disk around a star (Lin et al. 1996; Quanz et al.
2013). This type of geometric configurations for the BBH–
disk accretion systems has been revealed by many numer-
ical simulations and analysis (Artymowicz & Lubow 1996;
Dorazio et al. 2013; Hayasaki et al. 2008; Escala et al. 2005;
Cuadra et al. 2009; Roedig et al. 2014; Farris et al. 2014).1
The continuum emission from disk accretion onto a BBH
may be much more complicated than that from disk accre-
tion onto a single SMBH, since the dynamical interaction be-
tween the BBH and the accretion flow onto it changes the
disk structure (Gültekin & Miller 2012; Sesana et al. 2012;

1 The width of the gap (or hole) is roughly determined by, but could be
somewhat larger than, the Hill radius RH. However, set a slightly large gap
size, e.g., 1.2RH, does not affect the results presented in this paper signifi-
cantly.

FIG. 1.— Schematic diagram for a BBH–disk accretion system. The BBH
is assumed to be on circular orbits with a semimajor axis of aBBH , and the
masses of the primary and secondary components are M•,p and M•,s, re-
spectively. The BBH is surrounded by a circumbinary disk, connecting with
the mini-disk around each component of the BBH by streams. In between
the circumbinary disk and the inner mini-disks, a gap or hole is opened
by the secondary SMBH (Artymowicz & Lubow 1996; Dorazio et al. 2013;
Farris et al. 2014). The width of the gap (or hole) is roughly determined by
the Hill radiusRH [∼ aBBH(M•,s/3M•,p)1/3 ≃ 0.69q1/3aBBH], where
q is the mass ratio, and the inner boundary of the circumbinary disk can be ap-
proximated as rin,c ∼ aBBH/(1+q)+RH . The outer boundary of the mini-
disk surrounding the secondary SMBH (rout,s) is assumed to be a fraction
(fr,s) of the mean Roche radius, RRL(q) ≃ 0.49aBBHq2/3/[0.6q2/3 +
ln(1 + q1/2)] (Eggleton 1983), i.e., rout,s = fr,sRRL(q), considering
that the mini-disk may not fill the whole Roche lobe (the red dashed cir-
cle). For BBHs with mass ratios roughly in the range from a few percent to
0.25, the accretion onto the secondary SMBH and consequently its emission
dominates, compared with that from the mini-disk around the primary BH
(Roedig et al. 2012; Farris et al. 2014).

Rafikov 2013; Roedig et al. 2014; Yan et al. 2014; Farris et al.
2015). Nevertheless, we adopt a simple model to approx-
imate the continuum emission from a BBH–disk accretion
system as the combination of the emissions from an outer
circumbinary disk and an inner mini-disk around the sec-
ondary SMBH, each approximated by multicolor black body
radiation in the standard thin disk model (Shakura & Sunyaev
1973; Novikov & Thorne 1973). The emission from the mini-
disk around the primary SMBH is insignificant for a BBH
system with a small mass ratio (roughly in the range of a few
percent to 0.25) due to its low accretion rate as suggested by
the state of the art numerical simulations (Roedig et al. 2012;
Farris et al. 2014), thus its emission can be neglected. Our
analysis suggests that a large q cannot lead to a good fit to the
observations.

3.1. Emission from the circumbinary disk
We choose a standard thin disk to approximate the tempera-

ture profile of the circumbinary disk. The structure and spec-
tral energy distribution (SED) of the circumbinary disk may
be different from that of a standard thin disk, especially at
the region close to the inner edge, since the torque raised by
the central BBH may lead to gas accumulation there. In this
region, the circumbinary disk is somewhat hotter than the cor-
responding region of a standard thin disk with the same accre-
tion rate and total SMBH mass (M•,p +M•,s) (e.g., Rafikov
2013). We neglect this slight difference for now and will dis-
cuss this in the Appendix.
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FIG. 2.— The optical-to-UV spectrum of Mrk231. The green curve repre-
sents the UV observations by the COS and FOS on board the HST (archive
data; Veilleux et al. 2013; Smith et al. 1995), the observations by the William
Herschel Telescope (WHT) and Keck telescope (Leighly et al. 2014). The
wavelength ranges for those different observations are marked at the bottom
of the figure. The FOS data is scaled up by a factor of 2 to match the COS
data (see Veilleux et al. 2013). The grey curve represents the HST compos-
ite spectrum of quasars (Zheng et al. 1997). The continuum shows a sharp
drop off at λ ∼ 4000 − 2500Å and deficit of flux at λ ∼ 4000 − 1000Å.
The locations of the emission lines Hα, Hβ, and Lyα are also marked in the
figure.

fEdd,s = Ṁacc,s/ṀEdd(M•,s) = ϵṀacc,sc2/LEdd(M•,s),
LEdd(M•) = 1.3 × 1046erg s−1(M•/108M⊙), and
LEdd(M•,s) = 1.3 × 1046erg s−1(M•,s/108M⊙). We first
adopt those nine parameters (M•, q, aBBH, fEdd,c, fEdd,s,
fr,s, As, FWHMconv, EB−V) to fit the spectrum and ob-
tain the best fit, and then fix the two parameters As and
FWHMconv(∼ 3000km s−1) at their best-fit values and ob-
tain constraints on the other seven parameters (M•, q, aBBH,
fEdd,c, fEdd,s, fr,s, EB−V). In the fitting, we adopt an extinc-
tion curve for SMC according to (Pei 1992);2 the Eddington
ratios for the outer circumbinary disk and the inner mini-disk
are assumed to be in the range from 0.1 to 1, since the stan-
dard thin disk model may be invalid if the Eddington ratio is
substantially smaller than 0.1.
The top panel of Figure 3 shows the best-fit model to the

continuum emission from the BBH-disk accretion system.
The overall shape of the observed continuum can be repro-
duced by the BBH-disk accretion model. The best fit param-
eters are M• = 1.5 × 108M⊙, q = 0.026, fEdd,c = 0.5,
fEdd,s = 0.6, aBBH = 590AU= 2.9mpc, and fr,s = 0.11,
respectively.3 According to the best-fit model, the circumbi-
nary disk dominates the emission of Mrk 231 in the optical
band; the mini-disk dominates the FUV emission; the sharp
drop off at 4000− 2500Å is mainly due to the cut off of the
circumbinary disk and the gap (or hole) opened by the sec-
ondary SMBH, but not an extremely high extinction (see the
top panel of Figure 3). It is also not a necessity to have dif-
ferent extinctions in different bands to explain the sharp drop
off.
The second panel of Figure 3 also shows the best fit to the

2 We have checked that choosing a different extinction curve (e.g., the one
for LMC) does not qualitatively affect our results.
3 Note that the best fit value of fEdd,s = 0.6 means that the secondary

SMBH accretes via a rate close to the Eddington limit. The numerical simu-
lations suggest that the accretion rate onto the primary SMBH is smaller than
that onto the secondary SMBH for a BBH-disk accretion system with a mass
ratio of a few to 25 percent (e.g., Farris et al. 2014). For the BBH system
that best fits the continuum, the accretion rate of the primary disk should be
! 0.01, which is via the advection dominated accretion flow (ADAF) mode
(Esin et al. 1997) and radiatively extremely inefficient, and thus its emission
can be neglected. This validates the omission of the primary disk emission in
the fitting.

FIG. 3.— The optical-to-UV spectrum of Mrk231 and the model spectrum.
From top to bottom, the first panel: the green curve represents the obser-
vations as that in Figure 2. The red curve represents the best-fit model for
the continuum emission from the BBH–disk accretion system, a combination
of the continuum emissions from the circumbinary disk (cyan dashed line)
and the mini-disk around the secondary SMBH (cyan dotted line). The sec-
ond panel: the green curve represents the observational spectrum of Mrk 231.
The red curve represents the best-fit continuum spectrum, a combination of
the continuum emissions from the circumbinary disk, the mini-disk around
the secondary SMBH, and the pseudo continuum by Fe emissions. The third
panel: the green curve represents the residuals of the best fit continuum to
the observations. The blue dotted curve represents the Fe absorption ob-
tained from a model using SYNOW code, and the magenta solid curve repre-
sents the FeLoBAL absorption of SDSS 1125+0029 scaled by a factor of 1.6.
The fourth panel: the red curve represents the model spectrum by adding the
pseudo-continuum due to numerous Fe emission lines and including the con-
tribution from the FeLoBAL absorption. The black points represent the ob-
servational data in those windows adopted in the continuum fitting as marked
in this panel.

continuum emission of Mrk 231, which includes not only the
continuum emission from the circumbinary disk and the mini-
disk around the secondary SMBH, but also the pseudo con-
tinuum from numerous Fe emission lines. The Fe emission
of Mrk 231 in the optical band is extremely high, and conse-
quently the Fe emission in the UV band is likely to be high,
too. In the observed UV spectrum, however, there appear no
strong Fe emission lines (Veilleux et al. 2013; Leighly et al.
2014). Mrk 231 is an FeLoBAL and should have very strong
Fe absorptions in the UV band as indicated by the optical ab-
sorption lines, such as Na I D, but there appear no very strong
Fe absorption lines in the observed UV spectrum. The reason
is that the Fe absorption dominates over the Fe emission in
this band as detailed below.
The third panel of Figure 3 shows the residuals of the model

spectrum at 2000-3200 Å which reveals strong Fe absorp-
tion lines. These Fe absorption features are quite similar to
a 1.6-time scale up of the FeLoBAL absorption features of
SDSS 1125+0029 shown in Figure 4a of Hall et al. (2002,
the magenta curve), of which no observation at <∼ 2000Å is
available. As an illustration, we further use the SYNOW code
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First 10 pc (!) scale view of the 
nuclear region of a type-1 AGN
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• Colour = HCN(4-3) 


• Contour = continuum@350GHz 
→ significant time variability!


• Surprisingly, no emission of 
HCN(4-3), as well as the dust 
continuum, were detected at the 
nucleus of this LLAGN 
→ disappearance of dusty torus 
in the low-luminosity regime?

~10 pc

NGC 1097 (type-1 LLAGN)

Kohno et al. in prep. 
Izumi et al. in prep.



Summary

• Positive correlation between Mdense and dMBH/dt 
- virtual equivalence to the SFR-dMBH/dt correlation 
- large scatter (need other parameters?) 
- better correlation for nuclear scale gas than the galactic one


• Invoke SN-driven turbulence model to discuss mass accretion


• Direct comparison of dMBH/dt and mass accreted from the CND 
- part of the gas from the CND is consumed for the black hole growth 
- with accounting for the disk wind, we found a fairy good agreement 
in NGC 4051 and NGC 7469 
→ start to dissolve the balance of mass flow!?
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→ see more details in Izumi et al. (submitted to ApJ)


