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   Goal:  Trace inflow mechanisms on scales of         
         1kpc down to tens of parsecs.  

Potential Seyfert AGN fueling mechanisms: 
 
   i. Major merger 

  
  ii. Minor merger 
 
 iii. Galaxy interactions 
 
 iv.  Accretion of gas streamers 
 
  v.  Secular evolution 
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   Goal:  Trace inflow mechanisms on scales of         
         1kpc down to tens of parsecs.  

Potential Seyfert AGN fueling mechanisms: 
 
   i. Major merger 

  
  ii. Minor merger 
 
 iii. Galaxy interactions 
 
 iv.  Accretion of gas streamers 
 
  v.  Secular evolution 

Several studies suggest not major mergers: 
ª  Over 50% of z~2 AGN in undisturbed host 

galaxies (Koceviski et al. 2012) 
ª  AGN at z~2 not in galaxies with enhanced 

star formation (Rosario et al. 2013) 
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   Goal:  Trace inflow mechanisms on scales of         
         1kpc down to tens of parsecs.  

Potential Seyfert AGN fueling mechanisms: 
 
   i. Major merger 

  
  ii. Minor merger 
 
 iii. Galaxy interactions 
 
 iv.  Accretion of gas streamers 
 
  v.  Secular evolution 

Minor mergers perhaps associated with 
low and intermediate luminosity AGN 
(Neistein & Netzer 2014) 
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Detailed Kinematics Required 
 

²  Imaging studies cannot differentiate between the relative roles of 
minor mergers, gas accretion (due to interactions or streamers),     
or secular evolution 

²  Detailed studies of the kinematics are needed to do this 

²  Also need to look at spatial scales with relevant timescales: 

ü  AGN duty cycle is 100 Myrs with flickering on scales of 1-10 Myrs 

ü  At r=100pc v=100-150 km s-1 (Hicks et al. 2013) 

       à Dynamical timescale of 2-3 Myrs, comparable to duty cycle 

 

With local galaxies we can probe the central few 
hundred parsecs at the resolution needed to accurately 

measure the nuclear gas and stellar kinematics 

(e.g. Hickox et al. 2014) 
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Matched Sample: Seyfert & Quiescent Galaxies 

v  Galaxy pairs (from Martini et al. 
2003) matched in large scale 
(>kpc) host galaxy properties:   

galaxy type, optical luminosity, 
angular size, inclination, and 
distance 
 
 

v  5 galaxy pairs 

v  VLT SINFONI  
    K-band data 

v  Average  
    resolution 
    54 ± 24 pc 

The Astrophysical Journal, 768:107 (17pp), 2013 May 10 Hicks et al.

Table 3
Summary of Observations

ID Galaxy D Ref.b pc/′′ Tint PSF FWHM
(Mpc) (minutes) (′′) (pc)

1a NGC 3227 21.1 1 102 50 0.55 56
1q IC 5267 30.3 2 147 140 0.61 90
2a NGC 5643 16.9 3 82 140 0.49 40
2q NGC 4030a 27.2 4 132 50a 0.66a 87a

3a NGC 6300 17.1 4 83 140 0.48 40
3q NGC 3368 10.5 5 51 40 0.58 30
4a NGC 6814 22.8 3 111 140 0.51 57
4q NGC 628 9.9 6 48 100 0.59 28
5a NGC 7743 19.2 7 93 140 0.54 50
5q NGC 357 32.1 3 156 90 0.62 97

Notes.
a Observing conditions degraded rapidly during the acquisition of the data for
NGC 4030 and this PSF FWHM measurement reflects a lower limit. The actual
PSF FWHM during the majority of the NGC 4030 data is estimated to be closer
to 1′′ based on ESO seeing monitor at Paranal.
b References for distances: (1) Terry et al. 2002; (2) Willick et al. 1997; (3)
Tully 1988; (4) Tully et al. 2009; (5) Freedman et al. 2001; (6) Olivares et al.
2010; (7) Jensen et al. 2003.

matching the galaxy pairs (see Table 2). A comparison of the
large-scale bar classification, which was not considered in the
pair matching, shows that bars are found in all five Seyferts
and two of the quiescent galaxies (NGC 3368 and NGC 357;
Martini et al. 2003a). There is therefore also no significant
subsample bias due to the presence of a large-scale bar, which
is consistent with the lack of a correlation between such bars
and Seyfert activity found in larger samples (e.g., Comerón
et al. 2008).

2.2. Observations and Reduction of Integral Field Data

Near-infrared integral field data was obtained with SINFONI
(Eisenhauer et al. 2003; Bonnet et al. 2004) on the ESO VLT.
The pixel scale of the R ∼ 4300 K-band spectra (approximately
1.95–2.45 µm) is 0.′′125 × 0.′′25 and typically the field of view
(FOV) measured is 8′′ × 8′′. All observations were obtained
in seeing-limited mode with mean point-spread function (PSF)
FWHM of 0.′′55 ± 0.′′05 or 54 ± 24 pc. This excludes NGC 4030,
for which all data are of worse quality due to rapidly degrading
seeing conditions and are estimated to be around 1′′ (or 132 pc)
based on the ESO seeing monitor, and may partially explain
the lack of H2 detection. Integration times range from 50 to
140 minutes per galaxy. See Table 3 for the details of each
data set.

The spatial resolution is determined from PSF calibration
frames taken immediately before or after the science frames. For
a few of the Seyfert galaxies the PSF can also be estimated from
the data themselves. This is achieved by applying the fact that
the intrinsic equivalent width (EQW) of the CO 2–0 bandhead
is expected to fall within a limited range (Oliva et al. 1995;
Förster Schreiber 2000; Davies et al. 2007). The observed EQW
can therefore be used to determine the dilution of the stellar
feature due to the AGN continuum emission (see Sections 2.3
and 3.1 for details), which, at this resolution, is a point source
(predicted sizes are <2 pc; Jaffe et al. 2004; Tristram et al. 2007;
Raban et al. 2009). PSF FWHM values determined directly
from the data are consistent with those determined from the
calibration frames to within 0.′′02, which is consistent with
expected variation in the ambient seeing with time between
the acquisition of the data and calibration frames.

The data were reduced using the SINFONI custom reduction
package SPRED (Abuter et al. 2006), which includes all of
the typical reduction steps applied to near-infrared spectra with
the additional routines necessary to reconstruct the data cube.
After background subtraction, which is performed with sky
frames obtained interspersed with the on-source exposures, the
data are flat fielded and corrected for dead/hot pixels. Telluric
correction and flux calibration, which is accurate to 10%, are
carried out using A- and B-type stars. Residuals from the OH
line emission are minimized using the methods outlined in
Davies (2007).

2.3. Confirmation of AGN Classification

The luminosity of the non-stellar AGN continuum is esti-
mated in each galaxy by measuring the EQW of the 12CO(2,0)
λ2.2935 bandhead. The intrinsic EQW of this absorption is con-
stant for a broad range of star formation histories and ages and
a deviation by more than 20% of the constant value of 12 Å,
i.e., lower than 9.6 Å, implies dilution by the AGN contin-
uum (Oliva et al. 1995; Förster Schreiber 2000; Davies et al.
2007). The absence of such dilution does not rule out the pos-
sibility of an AGN buried in a very optically thick material
(i.e., a Compton thick AGN), but the presence of dilution can be
taken as verification of an AGN continuum. Alternatively, a very
young (<10 Myr) stellar population can cause similar dilution,
but there is no indication of such a population in our sample
galaxies.

As shown in Figure 1, there is significant dilution of the
CO EQW in three of the Seyfert galaxies: NGC 3227 (ID 1a
as defined in Table 1), NGC 6300 (3a), and NGC 6814 (4a).
A 2D map of the AGN continuum, calculated assuming the
non-stellar continuum is equal to the total continuum times
(1 – EQWobserved/EQWintrinsic), is shown in Figure 2 for each
of these galaxies. There is no indication of significant dilution
from an AGN continuum in the remaining two active galaxies,
NGC 5643 (2a) and NGC 7743 (5a), despite their classification
based on optical line ratios as Seyfert 2 galaxies (Phillips et al.
1983 and Ho et al. 1997, respectively). However, there is a
weak downturn in the CO EQW of NGC 5643 (2a), which
reaches the 9.6 Å cutoff for AGN dilution at the very center. The
lack of significant dilution of the CO bandheads in these two
galaxies suggests that they have lower levels of AGN activity
in comparison to the others and/or they are Compton thick. In
both cases there is evidence of their being Compton thick (as
discussed below), and for NGC 7743 some studies find that it is
consistent with a low-luminosity AGN (e.g., González-Martı́n
et al. 2009). As will be discussed in Section 4, these two galaxies
still exhibit nuclear molecular gas and stellar properties that set
them apart from their paired quiescent galaxies following the
same trends seen in the other Seyfert galaxies. In all quiescent
galaxies there is no indication of an AGN continuum, confirming
their non-AGN classification with a relatively constant CO EQW
across the FOV, including at the center as defined by the peak
of the K-band luminosity. As will be discussed in Section 3.2,
NGC 628 has a CO EQW significantly lower than all other
galaxies in the sample, which can be explained by a relatively
small contribution of older stars.

The AGN contribution in each galaxy is also assessed by
gathering available 2–10 keV X-ray luminosities from the
literature (Table 2). With the exception of Compton thick
sources, AGNs are expected to produce a significant level of
2–10 keV emission and it can thus be used as an indicator
of such activity. Based on available measurements, it is found

4
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Comparison of Integrated Properties 

Seyferts systematically have:  
 

(1) a more centrally 
concentrated nuclear 
stellar surface brightness 

(2) a lower central stellar 
velocity dispersion  

 (r < 200 pc) 
 
 

Stars traced 
by CO 2.3µm 
bandheads 

AGN 

inactive 
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Seyferts systematically have:  
 

(1) a more centrally 
concentrated nuclear 
stellar surface brightness 

(2) a lower central stellar 
velocity dispersion  

 (r < 200 pc) 
 
(3) more centrally 

concentrated H2 surface 
brightness profiles  

(4) elevated central  
 H2 1-0 S(1) luminosity  
 (r < 250 pc) 

 

Molecular gas    
traced by      
H2 1-0 S(1)  
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Figure 18. Mean uniformly weighted CO velocity dispersion of all pixels within apertures of radius (a) 0–100 pc and (b) 100–250 pc and (c) the ratio of these two. The
triangles represent Seyfert galaxies while circles are quiescent galaxies. The error bars represent the standard deviation of the dispersion measured in the pixels within
the aperture considered. The probability that the two subsamples are drawn from different parent populations based on both the r = 0–100 pc and r = 100–250 pc
apertures is 93.8%.
(A color version of this figure is available in the online journal.)

Figure 19. Mean H2 luminosity as a function of radius (a) intrinsic values and (b) normalized to 250 pc. The error bars are the standard deviations of measurements
within each aperture. The triangles represent Seyfert galaxies while circles are quiescent galaxies. The dashed curves and arrows represent upper limits. The label on
the curve for each galaxy is as given in Table 1.
(A color version of this figure is available in the online journal.)

Figure 20. Total H2 luminosity in an apertures of radius (a) 0–100 pc and (b) 100–250 pc and (c) the ratio of these two. The triangles represent Seyfert galaxies while
circles and upper limits are quiescent galaxies. The error bars represent the 10% systematic uncertainty of the flux calibration. The probability that the two subsamples
are drawn from different parent populations based on the r = 0–100 pc aperture is 96.9%.
(A color version of this figure is available in the online journal.)
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Comparison of Integrated Properties 

Seyferts systematically have:  
 

(1) a more centrally 
concentrated nuclear 
stellar surface brightness 

(2) a lower central stellar 
velocity dispersion  

 (r < 200 pc) 
 
(3) more centrally 

concentrated H2 surface 
brightness profiles  

(4) elevated central  
 H2 1-0 S(1) luminosity  
 (r < 250 pc) 

 

Ø  dynamically cold (in 
comparison to the bulge) 
component of gas and 
stars on scales of 
hundreds of parsecs in 
Seyferts   

 
Ø  significant gas reservoir 

and a relatively young 
stellar population  

 
Ø  nuclear stellar population 

requires a supply of gas 
from which to form  

          à inflow required 

Hicks et al. 2013 
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Kinematic Analysis: Inflows 

²  H2 detected in all 5 
Seyferts and 2 inactive 
galaxies, all with rotating 
disk 

²  3 Seyferts show 
signatures of inflow 

²  Inflow along large scale 
bars in 2 Seyferts 

 hydrodynamical models qualitatively 
verify that for NGC 3227 there is 
inflow in a bar that settles in a 
nuclear ring 

8 Davies et al.

Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,
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sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,
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Kinematic Analysis: Outflows 

²  At least 3 Seyferts have spatially resolved molecular outflows    
(+1 with indirect evidence) 

NGC 5643 
(Seyfert) 

10 Davies et al.

Fig. 6.— Molecular gas as traced by the 1-0 S(1) line in NGC5643, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. The rightmost panel is a map of the velocity dispersion. Magenta lines
denote the extent of the outflow as measured from the 1-0 S(1) dispersion and residual velocity maps; these also trace the outline of the
low extinction region in the dust structure map. The orange lines trace the 3 main absorption features in the dust structure map. Axis
scales are in arcsec, with a conversion to parsec given; north is up and east is left.

Fig. 7.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 60◦ from the line of nodes, and the
model has been set at an inclination matching NGC5643 as given in Table 4, but at a PA of -30◦, 10◦ different to that in Table 3.

Fig. 8.— Ionised gas as traced by the Brγ line in NGC5643, showing the same region as shown previously. Magenta and orange lines
are is for Fig. 6. Axis scales are in arcsec, with a conversion to parsec given; north is up and east is left.

As for most of the other AGN in our sample, NGC6300
exhibits complex 1-0 S(1) distribution and kinematics. In
this case, we argue that the simplest interpretation is as
an edge-on outflow superimposed on a rotating disk –
although we have detected at best only very weak Brγ
emission within the same features.
The residual flux map in Fig. 9 reveals a distinct bi-

conical feature, aligned roughly north-south. Expecially
to the south side, the flux is enhanced along the limbs
of this structure. On several of the panels in the figures,
we have drawn a cross corresponding to it, which enables

a better comparison of the locations of features between
the various maps. The velocity field shows a clear gra-
dient, which is oriented similarly to that of the stars on
the same spatial scales (shown in Fig. 1), as well as the
large scale Hα (Buta et al. 2001) and H I (Ryder et al.
1996). When subtracting a disk model, for which the
PA was fixed to match that of the stars, the structures
in the residual velocity field show a clear blue-shift to
the north and red-shift to the south, following the arms
of the cross. A global gradient in the residual can be
an indication that the PA of the disk model was incor-

flux residual (sqrt) 
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Fig. 6.— Molecular gas as traced by the 1-0 S(1) line in NGC5643, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
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model has been set at an inclination matching NGC5643 as given in Table 4, but at a PA of -30◦, 10◦ different to that in Table 3.

Fig. 8.— Ionised gas as traced by the Brγ line in NGC5643, showing the same region as shown previously. Magenta and orange lines
are is for Fig. 6. Axis scales are in arcsec, with a conversion to parsec given; north is up and east is left.

As for most of the other AGN in our sample, NGC6300
exhibits complex 1-0 S(1) distribution and kinematics. In
this case, we argue that the simplest interpretation is as
an edge-on outflow superimposed on a rotating disk –
although we have detected at best only very weak Brγ
emission within the same features.
The residual flux map in Fig. 9 reveals a distinct bi-

conical feature, aligned roughly north-south. Expecially
to the south side, the flux is enhanced along the limbs
of this structure. On several of the panels in the figures,
we have drawn a cross corresponding to it, which enables

a better comparison of the locations of features between
the various maps. The velocity field shows a clear gra-
dient, which is oriented similarly to that of the stars on
the same spatial scales (shown in Fig. 1), as well as the
large scale Hα (Buta et al. 2001) and H I (Ryder et al.
1996). When subtracting a disk model, for which the
PA was fixed to match that of the stars, the structures
in the residual velocity field show a clear blue-shift to
the north and red-shift to the south, following the arms
of the cross. A global gradient in the residual can be
an indication that the PA of the disk model was incor-

H2 1-0S(1) velocity residual 
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Inactive Galaxies: Counter Rotation  

v  Two inactive galaxies with H2 detected have counter rotating 
molecular components 

 

Fueling AGN II: Spatially Resolved Molecular Inflows and Outflows 15

Fig. 13.— Dust structure (V-H) map of IC 5267 reproduced from Martini et al. (2003). The field of view of SINFONI, shown in the
corresponding Fig. 14, is marked. In addition, the same ellipses as shown in some panels of that figure are overdrawn with dotted lines.
Axis scales are in arcsec; north is up and east is left.

Fig. 14.— Molecular gas as traced by the 1-0 S(1) line in IC 5267. Top row: observed flux distribution, the model comprising 2 rings, and
the difference between them (note that some of the differences may be due to the model being axisymmetric while the illumination of the
rings may vary between locations). On the far right is shown the velocity dispersion. Bottom row: observed velocity field, before and after
correcting for the double peaked line profile causing the finger of anomalous velocities extending south-west from the nucleus (see text for
details). On the right side are the 2-ring model, and the residual velocity after subtracting this model. The two ellipses represent the 2
rings (drawn corresponding to a size of Radius+FWHM/2, as given in Tab. 5, to denote the full extent of the two structures). Axis scales
are in arcsec, with a conversion to parsec given; north is up and east is left.

TABLE 5
Properties of the two rings in IC 5267

Radius FWHM Rel. PA i Menc Vrot τorb
(′′) (′′) Int. (◦ EofN) (◦) (M#) (km s−1) (Myr)

3.9 3.3 1.0 -4 75 2.5× 109 139 25
0.2a 1.8 6.2 135 73 3.0× 107 66 3

a Because the fit yields a radius of the ring smaller than its width, this can be
considered a disk with a rather flat inner radial profile, extending out to 1.1′′.

Fueling AGN II: Spatially Resolved Molecular Inflows and Outflows 17

Fig. 15.— Molecular gas as traced by the 1-0 S(1) line in NGC3368, showing the same region as in Fig. 17 and Fig. 2. Top row: observed
flux distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Middle row: observed velocity field, disk model, and the difference between them
showing the clear counter-rotation centered about 0.4′′ north of the nucleus. Bottom row: zoomed-in view of the flux, velocity and velocity
residual (with respect to the right-most panel in the middle row) of the counter-rotating condensation model. The circle is centered 0.4′′

north of the nucleus (near the peak of the 1-0 S(1) emission in the top left panel) and has a radius of 1′′. Although the flux of this off-centre
knot is compact, the impact of its velocity field can be traced out to ∼1.5′′. Axis scales are in arcsec, with a conversion to parsec given;
north is up and east is left.

also as 2 × 108 M!, only a factor 3–4 greater. As such,
when the condensation does merge with the galaxy nu-
cleus, it will have a marked impact. Interestingly, the
model of the condensation requires a compact mass dis-
tribution, with a maximum rotation velocity of nearly
90 km s−1 at a radius of 0.3′′. This could account for the
high anomalous velocities of the two bright knots of H2
emission noted by Nowak et al. (2010): they light up the
most rapidly moving part of the condensation, perhaps
through thermal or shock heating since the shear at this
point would be a maximum.
The counter-rotating condensation here is likely differ-

ent from the kinematically distinct components (KDCs),
some of which are counter-rotating cores, reported for a
significant fraction of the targets in a survey of 48 early-
type galaxies (Emsellem et al. 2004, 2007; Krajnović et
al. 2008). These KDCs were measured in the stellar kine-
matics rather than the molecular gas kinematics, as seen
here. While both fast and slow rotators in that sample
exhibited kinematic twists and misalignments, the most
nearly all of the kinematically decoupled cores were seen
in slow rotators. Emsellem et al. (2007) suggest that dis-
sipationless mergers had a major role in the evolution of
these galaxies. That we have observed a counter-rotating
condensation in molecular gas argues instead for accre-

tion of gas from a streamer.

6. ARE LUMINOUS SEYFERTS PERTURBED?

While previous studies have revealed some differences
in the circumnuclear structures present in Seyfert and
non-active galaxies, none have been to identify conditions
that are required to fuel AGN. For example, no signif-
icant differences in the presence of circumnuclear bars,
boxy and disky isophots, or other non-axisymmetric fea-
tures are found by Hunt & Malkan (2004) in a compari-
son of matched samples of Seyferts and quiescent galax-
ies. They do, however, report that Seyferts are more
likely to show isophotal twisting, suggesting a potential
increase in the disturbance of the kinematics in these ac-
tive galaxies (we note that this difference is driven by the
Seyfert 2 galaxies in the sample). Following the indica-
tions from Simões Lopes et al. (2007) that the source of
gas for early- and late-type hosts may be different, we
have further split the sample of Hunt & Malkan (2004)
into early- and late-type hosts. This shows that the ele-
vated level of isophotal twisting is found in Seyferts re-
gardless of host type. This analysis also reveals that
there are more late-type quiescent galaxies than late-
type Seyferts with circumnuclear bars, the significance
of which is not clear.
As we have alluded, a key result of the comparative
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v  Implies external accretion of molecular gas 
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perturbation would likely result in significant gas inflow 

arcsec arcsec 
km s-1  km s-1  

8 Davies et al.

Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,
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Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,

10 Davies et al.

Fig. 6.— Molecular gas as traced by the 1-0 S(1) line in NGC5643, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. The rightmost panel is a map of the velocity dispersion. Magenta lines
denote the extent of the outflow as measured from the 1-0 S(1) dispersion and residual velocity maps; these also trace the outline of the
low extinction region in the dust structure map. The orange lines trace the 3 main absorption features in the dust structure map. Axis
scales are in arcsec, with a conversion to parsec given; north is up and east is left.

Fig. 7.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 60◦ from the line of nodes, and the
model has been set at an inclination matching NGC5643 as given in Table 4, but at a PA of -30◦, 10◦ different to that in Table 3.

Fig. 8.— Ionised gas as traced by the Brγ line in NGC5643, showing the same region as shown previously. Magenta and orange lines
are is for Fig. 6. Axis scales are in arcsec, with a conversion to parsec given; north is up and east is left.

As for most of the other AGN in our sample, NGC6300
exhibits complex 1-0 S(1) distribution and kinematics. In
this case, we argue that the simplest interpretation is as
an edge-on outflow superimposed on a rotating disk –
although we have detected at best only very weak Brγ
emission within the same features.
The residual flux map in Fig. 9 reveals a distinct bi-

conical feature, aligned roughly north-south. Expecially
to the south side, the flux is enhanced along the limbs
of this structure. On several of the panels in the figures,
we have drawn a cross corresponding to it, which enables

a better comparison of the locations of features between
the various maps. The velocity field shows a clear gra-
dient, which is oriented similarly to that of the stars on
the same spatial scales (shown in Fig. 1), as well as the
large scale Hα (Buta et al. 2001) and H I (Ryder et al.
1996). When subtracting a disk model, for which the
PA was fixed to match that of the stars, the structures
in the residual velocity field show a clear blue-shift to
the north and red-shift to the south, following the arms
of the cross. A global gradient in the residual can be
an indication that the PA of the disk model was incor-

H2 1-0S(1) velocity residual 
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Fig. 13.— Dust structure (V-H) map of IC 5267 reproduced from Martini et al. (2003). The field of view of SINFONI, shown in the
corresponding Fig. 14, is marked. In addition, the same ellipses as shown in some panels of that figure are overdrawn with dotted lines.
Axis scales are in arcsec; north is up and east is left.

Fig. 14.— Molecular gas as traced by the 1-0 S(1) line in IC 5267. Top row: observed flux distribution, the model comprising 2 rings, and
the difference between them (note that some of the differences may be due to the model being axisymmetric while the illumination of the
rings may vary between locations). On the far right is shown the velocity dispersion. Bottom row: observed velocity field, before and after
correcting for the double peaked line profile causing the finger of anomalous velocities extending south-west from the nucleus (see text for
details). On the right side are the 2-ring model, and the residual velocity after subtracting this model. The two ellipses represent the 2
rings (drawn corresponding to a size of Radius+FWHM/2, as given in Tab. 5, to denote the full extent of the two structures). Axis scales
are in arcsec, with a conversion to parsec given; north is up and east is left.

TABLE 5
Properties of the two rings in IC 5267

Radius FWHM Rel. PA i Menc Vrot τorb
(′′) (′′) Int. (◦ EofN) (◦) (M#) (km s−1) (Myr)

3.9 3.3 1.0 -4 75 2.5× 109 139 25
0.2a 1.8 6.2 135 73 3.0× 107 66 3

a Because the fit yields a radius of the ring smaller than its width, this can be
considered a disk with a rather flat inner radial profile, extending out to 1.1′′.

IC 5267 (inactive) NGC 5643 (Seyfert) NGC 3227 (Seyfert) 

arcsec arcsec arcsec 
km s-1  km s-1  km s-1  

8 Davies et al.

Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,
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Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,
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Fig. 6.— Molecular gas as traced by the 1-0 S(1) line in NGC5643, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. The rightmost panel is a map of the velocity dispersion. Magenta lines
denote the extent of the outflow as measured from the 1-0 S(1) dispersion and residual velocity maps; these also trace the outline of the
low extinction region in the dust structure map. The orange lines trace the 3 main absorption features in the dust structure map. Axis
scales are in arcsec, with a conversion to parsec given; north is up and east is left.

Fig. 7.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 60◦ from the line of nodes, and the
model has been set at an inclination matching NGC5643 as given in Table 4, but at a PA of -30◦, 10◦ different to that in Table 3.

Fig. 8.— Ionised gas as traced by the Brγ line in NGC5643, showing the same region as shown previously. Magenta and orange lines
are is for Fig. 6. Axis scales are in arcsec, with a conversion to parsec given; north is up and east is left.

As for most of the other AGN in our sample, NGC6300
exhibits complex 1-0 S(1) distribution and kinematics. In
this case, we argue that the simplest interpretation is as
an edge-on outflow superimposed on a rotating disk –
although we have detected at best only very weak Brγ
emission within the same features.
The residual flux map in Fig. 9 reveals a distinct bi-

conical feature, aligned roughly north-south. Expecially
to the south side, the flux is enhanced along the limbs
of this structure. On several of the panels in the figures,
we have drawn a cross corresponding to it, which enables

a better comparison of the locations of features between
the various maps. The velocity field shows a clear gra-
dient, which is oriented similarly to that of the stars on
the same spatial scales (shown in Fig. 1), as well as the
large scale Hα (Buta et al. 2001) and H I (Ryder et al.
1996). When subtracting a disk model, for which the
PA was fixed to match that of the stars, the structures
in the residual velocity field show a clear blue-shift to
the north and red-shift to the south, following the arms
of the cross. A global gradient in the residual can be
an indication that the PA of the disk model was incor-

H2 1-0S(1) velocity residual 

Fueling AGN II: Spatially Resolved Molecular Inflows and Outflows 15

Fig. 13.— Dust structure (V-H) map of IC 5267 reproduced from Martini et al. (2003). The field of view of SINFONI, shown in the
corresponding Fig. 14, is marked. In addition, the same ellipses as shown in some panels of that figure are overdrawn with dotted lines.
Axis scales are in arcsec; north is up and east is left.

Fig. 14.— Molecular gas as traced by the 1-0 S(1) line in IC 5267. Top row: observed flux distribution, the model comprising 2 rings, and
the difference between them (note that some of the differences may be due to the model being axisymmetric while the illumination of the
rings may vary between locations). On the far right is shown the velocity dispersion. Bottom row: observed velocity field, before and after
correcting for the double peaked line profile causing the finger of anomalous velocities extending south-west from the nucleus (see text for
details). On the right side are the 2-ring model, and the residual velocity after subtracting this model. The two ellipses represent the 2
rings (drawn corresponding to a size of Radius+FWHM/2, as given in Tab. 5, to denote the full extent of the two structures). Axis scales
are in arcsec, with a conversion to parsec given; north is up and east is left.

TABLE 5
Properties of the two rings in IC 5267

Radius FWHM Rel. PA i Menc Vrot τorb
(′′) (′′) Int. (◦ EofN) (◦) (M#) (km s−1) (Myr)

3.9 3.3 1.0 -4 75 2.5× 109 139 25
0.2a 1.8 6.2 135 73 3.0× 107 66 3

a Because the fit yields a radius of the ring smaller than its width, this can be
considered a disk with a rather flat inner radial profile, extending out to 1.1′′.
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Fig. 3.— Molecular gas as traced by the 1-0 S(1) line in NGC3227, showing the same region as in Fig. 1. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. This suggests that a simple disk is not an appropriate model for this galaxy,
and Fig. 4 shows an alternative of a disk with a ring generated by a large-scale bar. The rightmost panel is a map of the velocity dispersion.
The dashed ellipse represents the location of the circumnuclear ring. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

Fig. 4.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model D20 from Maciejewski (2004). The bar was oriented 20◦ west of the line of nodes, and the
model has been set at an inclination and position angle matching NGC3227 as given in Tables 3 and 4.

Fig. 5.— Ionised gas as traced by the narrow Brγ line in NGC3227, showing the same region as shown previously. The region of high
dispersion at the centre should eb interpreted cautiously, since in this region it was not possible to robustly separate the broad and narrow
components. The orange ellipse traces the stellar ring as for Fig. 17. Axis scales are in arcsec, with a conversion to parsec given; north is
up and east is left.

sides of the galaxy centre, assuming a PA of 120◦, almost
perpendicular to its run in the central parts. For this
reason, if we subtract the disk model derived from stel-
lar kinematics, then the largest residuals, with amplitude
reaching 100 km/s, are towards the edges of our field to-
wards both east and west: at radii beyond 2′′ from the
nucleus, roughly along the minor axis of the galaxy. In-
terestingly, at the same locations, the velocity dispersion
also increases to ∼100 km s−1.

High velocity dispersion and high velocity residuals
occuring at the outskirts of the field can be caused by
outflow superimposed on rotation there. On the north-
east side, these residuals are cospatial with the H2 flux
residual about 3′′ from the centre, which may trace the
outflowing material. This material is also seen in Hα
emission in the F658N HST filter, with a blue-shifted
velocity consistent with our measurement (Fischer et
al. 2013). In another tracer, the [S III] line at 0.9µm,


