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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

No. 5] ALMA Observations of the Active Nucleus of NGC 1097 100-9

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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Typical spatial scale: ~100 pc; but not fully resolved
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Q. If circumnuclear starburst 
regulates the mass accretion 

onto the SMBH, how?

• SFR—dMBH/dt correlation


• Origin ?


• Time delay ?

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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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.
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Figure 3. Observed scatter plot of (a) L′HCN −L2−10keV and (b)Mdense − ṀBH, on a logarithmic scale. Blue circles and black squares indicate that the HCN(1−0)
emission was obtained with interferometers (median aperture θmed = 220 pc; IT sample) and single-dish telescopes (θmed = 5.5 kpc; SD sample), respectively.
The best-fit regression lines are shown by the blue solid and the black dashed line for the IT and SD samples, respectively. See also Section 2 for the derivation of
each parameter and Section 3 for the details of the regression analysis. The best-fit regression parameters can be found in Table 3. Note that the interferometric
data of NGC 6951 was not plotted in (a) because of the lack of absorption-corrected 2−10 keV X-ray luminosity in the literature.
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• Positive correlation: CND = external regulator of dMBH/dt …?

2. Our study: Mdense-dMBH/dt correlation
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Figure 4. Posterior distributions for the intercept (α), slope (β), intrinsic scatter (σint), and correlation coefficient (ρ) for the log(Mdense)− log(ṀBH) relationship
(Figure 3b). Colors indicate the IT (blue, vertical line) and SD (black, horizontal line) samples, 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(L2−10keV) yields essentially similar parameter distributions.

Table 3
Results from the regression analysis

Data Median aperture Nsample α β σint ρ p
(1) (2) (3) (4) (5) (6) (7) (8)

log(L′HCN)− log(L2−10keV) correlation
IT-sample 220 pc 9 34.77+2.64−2.63 1.06+0.40−0.39 0.59+0.30−0.23 0.89+0.07−0.23 0.058
SD-sample 5.5 kpc 28 38.29+2.52−2.52 0.46+0.33−0.32 1.04+0.19−0.14 0.31+0.19−0.19 0.210

log(Mdense)− log(ṀBH) correlation
IT-sample 220 pc 10 −13.45+3.90−5.25 1.41+0.70−0.56 0.52+0.34−0.29 >0.77 0.033
SD-sample 5.5 kpc 29 −7.80+3.77−3.76 0.62+0.42−0.52 1.19+0.18−0.21 0.35+0.18−0.24 0.270

Note. — We assumed the formulation of logζi = α +β× logξi + ϵi (Section 3) for two regression pairs of (ξ, ζ) = (L′HCN, L2−10keV) and (Mdense, ṀBH).
Column 1: type of the sample. Column 2: the median aperture for HCN(1 − 0) measurement. Column 3: number of the sample used for the analysis. Data
with an upper limit on L′HCN (or Mdense) are excluded. Columns 4− 7: 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 it 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)− log(ṀBH) correlation. We thus show the lower limit of ρ instead, i.e., 0.77 ≤ ρ ≤ 1.00 contains 68% of the posterior distribution. Column 8:
null-hypothesis probability returned by the IDL code r_correlate.
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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.
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8Direct comparison with the model
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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
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these two events into Ṁnuclear.
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& 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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9Causal Starburst-AGN connection?

• Typically, ~50 Myr is required for SNe to  
be effective after the onset of starburst


• Time scale of viscous accretion, 
- CND: a few Myr 
- Acc. disk: < ~a few×10 Myr 
      (τvis = R/VR ~ R2/νvis)


• Star formation time scale in CNDs: 
 ~100 Myr 
→ Causality can be established

t
Starburst

0

~ 10s Myr for accretion

~100 Myr

~50 Myr for SNe to be effective
AGN

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.
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“Evolving torus”? 
→ Geometrically & Optically thinner as AGNs evolve from 
luminous Seyferts to low-luminosity AGNs (LBol < 1042 erg/s)



11CO torus of NGC 1068 (LBol ~ 2e45 erg/s)

maser disk (PAmaser = 140° ± 5°; GR96, GA01). The minor-
to-major axis ratio of the dust torus is ;0.8 ± 0.1, an indication
that the disk is spatially resolved along its minor axis.
Moreover, the residuals of the fit show polar emission that
extends south to west out to a distance of ∼10 pc relative to the
torus major axis (Figure 1(b)). The enhanced spatial resolution
of the uniformly weighted data set better illustrates the
goodness of the fit (Figure 1(c)).

Figure 2(a) shows the CO(6–5) intensity map of the CND
obtained by integrating the line emission in the velocity interval
- = - +v v 250, 250o [ ] km s−1. The CO emission from the

east and west knots of the CND is comparatively more
prominent than in the continuum image shown in Figure 1,
which likely reflects the higher percentage of flux recovered for
the line on scales �2″.

Figure 2(b) shows the mean-velocity field of the gas in the
CND. The gas kinematics derived from the new observations
are compatible with the picture drawn from GB14: gas motions
in the CND show a superposition of outward radial flows on
rotation. The molecular outflow is responsible for tilting the
kinematic major axis by ;70° from PA ; 260° in the outer
galaxy disk to PA ; 330° in the CND.

Furthermore, ALMA detects the CO emission from a
spatially resolved lopsided disk located at the AGN, as
illustrated in Figure 3. The size (diameter ; 10 ± 1 pc,
minor-to-major axis ratio ;0.5±0.1) and orientation

=PA 112 20major( ) of the CO disk, hereafter referred to
as the CO torus, are close to those derived above for the dust
torus. The orientation of the CO torus is virtually identical to
that of the radio-continuum source S1 resolved in the VLBA
map of Gallimore et al. (2004). Figure 3 shows no significant
CO counterpart for the polar emission of the dust torus.
(2.) The mass of the torus. From the continuum flux of the

dust torus at 432 μm, ;13.8 ± 1 mJy, we estimate a dust mass
of ~M M1600dust

torus
☉, assuming that a maximum of ∼18% of

the flux at 694 GHz may come from other mechanisms
different than thermal dust emission (GB14). To estimate
Mdust

torus we used a modified black-body function with a dust
temperature Tdust ; Tgas = 150 K, an emissivity index β = 2,
and a value for the dust emissivity κ694 GHz = 0.34 m2 kg−1.
The values of Tdust and κ694 GHz are based on the analysis of the
line excitation and SED fitting done in GB14 and Viti et al.
(2014), and on the adoption of a value for
κ352 GHz = 0.0865 m2 kg−1 (Klaas et al. 2001). Assuming that
the gas-to-dust ratio in the central 2 kpc of NGC 1068 is ;60
(GB14), we derive a molecular gas mass for the
torus = ´M M1 0.3 10gas

torus 5( ) ☉.

4. CLUMPY TORUS MODELS

We combined the ALMA Band 9 continuum thermal flux
with the NIR/MIR continuum and MIR interferometry data
obtained by several groups in apertures �0 05–0 3 to
construct the nuclear SED of NGC 1068 from 1.65 μm to
432 μm (Marco & Alloin 2000; Tomono et al. 2001; Weigelt
et al. 2004; López-Gonzaga et al. 2014; this work). We also
included as an upper limit the ALMA Cycle 0 Band 7
continuum flux from GB14. The 8–13 μm spectrum is the sum
of components 1 and 2 in López-Gonzaga et al. (2014). We

Figure 2. (a) The CO(6–5) intensity map of the CND of NGC 1068. The color
scale and contours span the range: 3σ, 5σ, 9σ, 12σ, 15σ to 40σ in steps of 5σ,
where 1σ = 0.34 Jy km s−1beam−1. The filled ellipse at the bottom left corner
represents the CO(6–5) beam size (0 07 × 0 05 at PA = 60°). (b) The CO
(6–5) mean-velocity map (color scale). The dashed polygon identifies the
region where significant (>5σ) emission was detected in GB14. Velocities refer
to vo(HEL) = 1136 km s−1.

Figure 3. Overlay of the continuum emission contours of Figure 1 on the
CO(6–5) emission (color scale) from the AGN torus. Units are in
Jy km s−1beam−1.
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maser disk (PAmaser = 140° ± 5°; GR96, GA01). The minor-
to-major axis ratio of the dust torus is ;0.8 ± 0.1, an indication
that the disk is spatially resolved along its minor axis.
Moreover, the residuals of the fit show polar emission that
extends south to west out to a distance of ∼10 pc relative to the
torus major axis (Figure 1(b)). The enhanced spatial resolution
of the uniformly weighted data set better illustrates the
goodness of the fit (Figure 1(c)).

Figure 2(a) shows the CO(6–5) intensity map of the CND
obtained by integrating the line emission in the velocity interval
- = - +v v 250, 250o [ ] km s−1. The CO emission from the

east and west knots of the CND is comparatively more
prominent than in the continuum image shown in Figure 1,
which likely reflects the higher percentage of flux recovered for
the line on scales �2″.

Figure 2(b) shows the mean-velocity field of the gas in the
CND. The gas kinematics derived from the new observations
are compatible with the picture drawn from GB14: gas motions
in the CND show a superposition of outward radial flows on
rotation. The molecular outflow is responsible for tilting the
kinematic major axis by ;70° from PA ; 260° in the outer
galaxy disk to PA ; 330° in the CND.

Furthermore, ALMA detects the CO emission from a
spatially resolved lopsided disk located at the AGN, as
illustrated in Figure 3. The size (diameter ; 10 ± 1 pc,
minor-to-major axis ratio ;0.5±0.1) and orientation

=PA 112 20major( ) of the CO disk, hereafter referred to
as the CO torus, are close to those derived above for the dust
torus. The orientation of the CO torus is virtually identical to
that of the radio-continuum source S1 resolved in the VLBA
map of Gallimore et al. (2004). Figure 3 shows no significant
CO counterpart for the polar emission of the dust torus.
(2.) The mass of the torus. From the continuum flux of the

dust torus at 432 μm, ;13.8 ± 1 mJy, we estimate a dust mass
of ~M M1600dust

torus
☉, assuming that a maximum of ∼18% of

the flux at 694 GHz may come from other mechanisms
different than thermal dust emission (GB14). To estimate
Mdust

torus we used a modified black-body function with a dust
temperature Tdust ; Tgas = 150 K, an emissivity index β = 2,
and a value for the dust emissivity κ694 GHz = 0.34 m2 kg−1.
The values of Tdust and κ694 GHz are based on the analysis of the
line excitation and SED fitting done in GB14 and Viti et al.
(2014), and on the adoption of a value for
κ352 GHz = 0.0865 m2 kg−1 (Klaas et al. 2001). Assuming that
the gas-to-dust ratio in the central 2 kpc of NGC 1068 is ;60
(GB14), we derive a molecular gas mass for the
torus = ´M M1 0.3 10gas

torus 5( ) ☉.

4. CLUMPY TORUS MODELS

We combined the ALMA Band 9 continuum thermal flux
with the NIR/MIR continuum and MIR interferometry data
obtained by several groups in apertures �0 05–0 3 to
construct the nuclear SED of NGC 1068 from 1.65 μm to
432 μm (Marco & Alloin 2000; Tomono et al. 2001; Weigelt
et al. 2004; López-Gonzaga et al. 2014; this work). We also
included as an upper limit the ALMA Cycle 0 Band 7
continuum flux from GB14. The 8–13 μm spectrum is the sum
of components 1 and 2 in López-Gonzaga et al. (2014). We

Figure 2. (a) The CO(6–5) intensity map of the CND of NGC 1068. The color
scale and contours span the range: 3σ, 5σ, 9σ, 12σ, 15σ to 40σ in steps of 5σ,
where 1σ = 0.34 Jy km s−1beam−1. The filled ellipse at the bottom left corner
represents the CO(6–5) beam size (0 07 × 0 05 at PA = 60°). (b) The CO
(6–5) mean-velocity map (color scale). The dashed polygon identifies the
region where significant (>5σ) emission was detected in GB14. Velocities refer
to vo(HEL) = 1136 km s−1.

Figure 3. Overlay of the continuum emission contours of Figure 1 on the
CO(6–5) emission (color scale) from the AGN torus. Units are in
Jy km s−1beam−1.
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CO(6-5) 
(colour)

• Clear concentration of the CO emission at the center: torus 
→ Mgas ~ 1e5 Msun; σ/Vrot > 1 (geometrically thick)


• AGN-driven outflows too? (Imanishi et al. 2016; Gallimore et al. 2016)



12CO torus of NGC 1097 (LBol ~ 8e41 erg/s)

• ALMA Cycle 3 (Izumi+) 
- 10 pc resolution


• The 350 GHz continuum 
emission peaks at the 
AGN position 
→ but most of this is 
non-thermal origin  
(time variability)


• No clear CO peak at the 
exact AGN position 
→ Mgas ~ 5e4 Msun  
→ 50% of N1068 
(w/ same Xco as N1068)

CO(3-2)Izumi et al. 2017, submitted

AGN

10 pc
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1′′. Our combined cubes were further analyzed with
MIRIAD (Sault et al. 1995).

3. RESULT

3.1. Continuum emission

Figure 1. Band 7 (νrest = 350.3 GHz) continuum emission
at the central region of NGC 1097, shown in both the color
scale (mJy beam−1 unit) and contours (3, 5, 10, 15, ..., 40σ,
where 1σ = 72.2 µJy beam−1). This map is made with the
data obtained on September 14, 2016, as the brightest exam-
ple of the seven continuum measurements at different dates
(Figure 2). The bottom-left ellipse indicates the synthesized
beam (0′′.11 × 0′′.08, P.A. = 13◦.0). The star marks the
AGN position.

Figure 1 shows the spatial distribution of the ALMA
band 7 continuum emission at the central ∼ 40 pc of
NGC 1097. This is made from the one cycle 3 execution
data (14 September, 2016; 0′′.11 × 0′′.08 resolution).
The 350 GHz continuum emission peaks at αJ2000.0 =
02h46m18s.9755, δJ2000.0 = -30◦16′29′′.02, which coin-
cides precisely with the 14.9 GHz peak position identi-
fied with a 1′′.15 × 0′′.45 beam (Orient & Prieto 2010).
Thus we define this as the AGN location.
A Gaussian fit to the visibilities with the MIRIAD

task uvfit revealed that this emission was unresolved
at our ∼ 7 pc resolution. This is in contrast to the
case of NGC 1068, in which a dusty torus with a
∼ 7 − 10 pc extent (diameter) was identified at 266
GHz and 694 GHz continuum emission (Imanishi et al.
2016; Garćıia-Burillo et al. 2016; Gallimore et al. 2016).
A dusty torus in NGC 1097 must have a very low surface
brightness at 350 GHz or be compact compared with the
beam size.
We found significant time variability of the 350 GHz

continuum flux level in the central r ! 9 pc during
our seven executions (Figure 2). This is genuine as (i)
the variability amplitude (factor ∼ 2 − 5 around the

mean, 1.3 mJy) was well beyond the absolute flux un-
certainty and (ii) the simultaneously observed CO(3–2)
flux remained almost constant over the executions. Dif-
ference in apertures between cycles 1 and 3 does not
influence the result as the continuum emission is un-
resolved. Therefore, the band 7 continuum is domi-
nated by this time-varying component, which seems to
be the non-thermal synchrotron emission of a radio jet
according to the spectral-energy-distribution modeling
by (Hatziminaoglou et al. 2017).
An upper limit on thermal dust emission then comes

from our lowest continuum flux, i.e., 0.25 ± 0.08 mJy.
Following the method in §3 of Garćıia-Burillo et al.
(2016), we estimated a mass of corresponding cold dust
Mdust < 530 ± 30 M⊙ within a single beam (0′′.26 ×
0′′.13) of that observation, where we assumed a mod-
ified black body spectrum with an emissivity index
β = 2 and a dust emissivity κ352GHz = 0.0865 m2 kg−1

(Klaas et al. 2001). A dust temperature of 150 K was
assumed, which is a representative molecular gas kinetic
temperature at the central r < 120 pc (Izumi et al.
2013). If we decrease the dust temperature by 50%,
Mdust is accordingly increased by ∼ 50% as it is close
to the Rayleigh-Jeans regime. The time-variable nature
clearly indicates that one should avoid using a single
continuum measurement at the band 7 (and lower fre-
quency) to estimate Mdust.

Figure 2. Time variation of the νrest = 350.3 GHz contin-
uum emission at the central r ! 9 pc of NGC 1097. The
CO(3–2) integrated intensities (matched uv range: 40 to
1480 kλ; matched resolution = 0′′.3) measured at the north-
knot (Figure 3c) are shown as the references.

3.2. CO(3–2) emission

Figure 3a shows the global distribution of the CO(3–
2) integrated intensity in the central ∼ 500 pc. The
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1′′. Our combined cubes were further analyzed with
MIRIAD (Sault et al. 1995).
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3.1. Continuum emission

Figure 1. Band 7 (νrest = 350.3 GHz) continuum emission
at the central region of NGC 1097, shown in both the color
scale (mJy beam−1 unit) and contours (3, 5, 10, 15, ..., 40σ,
where 1σ = 72.2 µJy beam−1). This map is made with the
data obtained on September 14, 2016, as the brightest exam-
ple of the seven continuum measurements at different dates
(Figure 2). The bottom-left ellipse indicates the synthesized
beam (0′′.11 × 0′′.08, P.A. = 13◦.0). The star marks the
AGN position.

Figure 1 shows the spatial distribution of the ALMA
band 7 continuum emission at the central ∼ 40 pc of
NGC 1097. This is made from the one cycle 3 execution
data (14 September, 2016; 0′′.11 × 0′′.08 resolution).
The 350 GHz continuum emission peaks at αJ2000.0 =
02h46m18s.9755, δJ2000.0 = -30◦16′29′′.02, which coin-
cides precisely with the 14.9 GHz peak position identi-
fied with a 1′′.15 × 0′′.45 beam (Orient & Prieto 2010).
Thus we define this as the AGN location.
A Gaussian fit to the visibilities with the MIRIAD

task uvfit revealed that this emission was unresolved
at our ∼ 7 pc resolution. This is in contrast to the
case of NGC 1068, in which a dusty torus with a
∼ 7 − 10 pc extent (diameter) was identified at 266
GHz and 694 GHz continuum emission (Imanishi et al.
2016; Garćıia-Burillo et al. 2016; Gallimore et al. 2016).
A dusty torus in NGC 1097 must have a very low surface
brightness at 350 GHz or be compact compared with the
beam size.
We found significant time variability of the 350 GHz

continuum flux level in the central r ! 9 pc during
our seven executions (Figure 2). This is genuine as (i)
the variability amplitude (factor ∼ 2 − 5 around the

mean, 1.3 mJy) was well beyond the absolute flux un-
certainty and (ii) the simultaneously observed CO(3–2)
flux remained almost constant over the executions. Dif-
ference in apertures between cycles 1 and 3 does not
influence the result as the continuum emission is un-
resolved. Therefore, the band 7 continuum is domi-
nated by this time-varying component, which seems to
be the non-thermal synchrotron emission of a radio jet
according to the spectral-energy-distribution modeling
by (Hatziminaoglou et al. 2017).
An upper limit on thermal dust emission then comes

from our lowest continuum flux, i.e., 0.25 ± 0.08 mJy.
Following the method in §3 of Garćıia-Burillo et al.
(2016), we estimated a mass of corresponding cold dust
Mdust < 530 ± 30 M⊙ within a single beam (0′′.26 ×
0′′.13) of that observation, where we assumed a mod-
ified black body spectrum with an emissivity index
β = 2 and a dust emissivity κ352GHz = 0.0865 m2 kg−1

(Klaas et al. 2001). A dust temperature of 150 K was
assumed, which is a representative molecular gas kinetic
temperature at the central r < 120 pc (Izumi et al.
2013). If we decrease the dust temperature by 50%,
Mdust is accordingly increased by ∼ 50% as it is close
to the Rayleigh-Jeans regime. The time-variable nature
clearly indicates that one should avoid using a single
continuum measurement at the band 7 (and lower fre-
quency) to estimate Mdust.

Figure 2. Time variation of the νrest = 350.3 GHz contin-
uum emission at the central r ! 9 pc of NGC 1097. The
CO(3–2) integrated intensities (matched uv range: 40 to
1480 kλ; matched resolution = 0′′.3) measured at the north-
knot (Figure 3c) are shown as the references.

3.2. CO(3–2) emission

Figure 3a shows the global distribution of the CO(3–
2) integrated intensity in the central ∼ 500 pc. The

7 pc

350 GHz continuum
Izumi et al. 2017, submitted



14CO torus of NGC 1097 (LBol ~ 8e41 erg/s)

• The CO(3-2) velocity field 
is dominated by the 
regular rotation


• We decomposed  
rotation and dispersion, 
with a titled-ring model  
(3DBarolo code)


• We also compared the 
results with those of 
2.12μm H2 study  
(Hicks et al. 2009)

The 10 pc scale molecular view of the LLAGN of NGC 1097 7

Figure 4. Intensity-weighted (a) mean velocity and (b) velocity dispersion maps of the CO(3–2) emission in the central 400
pc of NGC 1097. The stars mark the AGN location. The systemic velocity is 1254 km s−1 (thick line). Thin contours indicate
1080 to 1400 km s−1 in steps of 20 km s−1 for (a), and 10 to 40 km s−1 in steps of 10 km s−1 for (b), respectively.

(a) (b)

Figure 5. (a) Radial profiles of the rotation velocity (Vrot; squares) and the velocity dispersion (σ; circles) of the cold molecular
gas estimated from our tilted-ring modelings to the CO(3–2) velocity field. (b) Radial profiles of the σ/Vrot ratio derived from
CO(3–2) emission line (squares) and NIR H2 emission (circles; divided by three).

2006), 1.2 × 108 M⊙, which indicates the importance of
a spatial resolution to measure MBH.
It is particularly interesting that the σ/Vrot ratio

of NGC 1097 at the central r < 20 pc (∼ 0.5) is
significantly smaller than that of NGC 1068 (> 1;
Garćıia-Burillo et al. 2016). This is not expected if the
disk gravity solely controls the torus thickness, consid-
ering the higher Mdyn in NGC 1068 than in NGC 1097
at their very centers (§1). Again, the implied less-active
star formation and/or inflows from the smaller MH2 , as
well as the orders of magnitude less-luminous AGN ac-
tivity in NGC 1097 than those in NGC 1068 2, would

2 This AGN may host molecular outflow in the torus, which
also thicken its scale height (Gallimore et al. 2016; Imanishi et al.
2016).

contribute to squash the thick torus in this LLAGN
(e.g., Vollmer et al. 2008; Wada et al. 2009; Wada 2012).
Note that, very recently, Espada et al. (2017) also found
a cold molecular gas deficiency at the heart of Centau-
rus A (Cen A). As the LBol of Cen A is ∼ 3 × 1042 erg
s−1 (LLAGN; Prieto et al. 2010), their findings would
also fit the evolutionary torus models. Thus, although
the actual physical process remains unclear, we sup-
port the theoretical prediction that geometrically and
optically thick tori will gradually become deficient as
AGNs evolve from luminous Seyferts to more quiescent
LLAGNs. It is however mandatory to enlarge the sam-
ple with ! 10 pc resolution cold gas measurements to
confirm this trend.

Izumi et al. 2017, submitted



15CO torus of NGC 1097 (LBol ~ 8e41 erg/s)

• The cold mol. gas is distributed in a thinner layer than the warm mol. gas 
probed by NIR H2 → Layered structure of the torus (see Wada’s talk)


• Cold molecular torus of NGC 1097 (LLAGN) is geometrically thinner than 
that of NGC 1068 (luminous Seyfert)   
→ Our result supports evolving torus models

The 10 pc scale molecular view of the LLAGN of NGC 1097 7

Figure 4. Intensity-weighted (a) mean velocity and (b) velocity dispersion maps of the CO(3–2) emission in the central 400
pc of NGC 1097. The stars mark the AGN location. The systemic velocity is 1254 km s−1 (thick line). Thin contours indicate
1080 to 1400 km s−1 in steps of 20 km s−1 for (a), and 10 to 40 km s−1 in steps of 10 km s−1 for (b), respectively.

(a) (b)

Figure 5. (a) Radial profiles of the rotation velocity (Vrot; squares) and the velocity dispersion (σ; circles) of the cold molecular
gas estimated from our tilted-ring modelings to the CO(3–2) velocity field. (b) Radial profiles of the σ/Vrot ratio derived from
CO(3–2) emission line (squares) and NIR H2 emission (circles; divided by three).

2006), 1.2 × 108 M⊙, which indicates the importance of
a spatial resolution to measure MBH.
It is particularly interesting that the σ/Vrot ratio

of NGC 1097 at the central r < 20 pc (∼ 0.5) is
significantly smaller than that of NGC 1068 (> 1;
Garćıia-Burillo et al. 2016). This is not expected if the
disk gravity solely controls the torus thickness, consid-
ering the higher Mdyn in NGC 1068 than in NGC 1097
at their very centers (§1). Again, the implied less-active
star formation and/or inflows from the smaller MH2 , as
well as the orders of magnitude less-luminous AGN ac-
tivity in NGC 1097 than those in NGC 1068 2, would

2 This AGN may host molecular outflow in the torus, which
also thicken its scale height (Gallimore et al. 2016; Imanishi et al.
2016).

contribute to squash the thick torus in this LLAGN
(e.g., Vollmer et al. 2008; Wada et al. 2009; Wada 2012).
Note that, very recently, Espada et al. (2017) also found
a cold molecular gas deficiency at the heart of Centau-
rus A (Cen A). As the LBol of Cen A is ∼ 3 × 1042 erg
s−1 (LLAGN; Prieto et al. 2010), their findings would
also fit the evolutionary torus models. Thus, although
the actual physical process remains unclear, we sup-
port the theoretical prediction that geometrically and
optically thick tori will gradually become deficient as
AGNs evolve from luminous Seyferts to more quiescent
LLAGNs. It is however mandatory to enlarge the sam-
ple with ! 10 pc resolution cold gas measurements to
confirm this trend.

Rotation

Dispersion
CO(3-2)

2.12μm H2 / 3

σ/Vrot ~ 0.5 at the center 
c.f., >1 in NGC 1068



Summary 16

• Dense CND would be the direct source of fuel onto SMBHs, 
whereas galactic-scale gas does not. 


• SN-driven turbulent accretion model reproduces the balance of 
mass flow at the CND-scale well (although we have no statistics).  
→ Σgas is one of the key parameters of the SMBH accretion


• Enhanced Σgas → star formation/SNe, mass accretion (and 
subsequent AGN wind): these contribute to nuclear obscuration  
- SMBH obscuration/torus will be an evolving structure


• Our high resolution CO study toward NGC 1097 (LLAGN) suggest 
that its torus is indeed geometrically thinner than that of NGC 1068 
→ This result supports the evolving picture of molecular tori 
→ Need more and more data covering wide LBol


