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2. Merging Galaxies 

1. (In- and Out-) Flows 

Science cases for nearby extra-galactic studies?	




AGN in/out-flows	


Gas inflow:  
 Feeing the AGN 

Circum-Nuclear Disk ~ < 0.1 – 1 pc scale 
Torus ~ pc scale	
 Jets ~ > kpc scale	


Gas outflow:  
 Expelling material and provide feedback  



Mass accretion onto the black hole	


Hopkins & Quataert (2010, MN, 407, 1529)	


How do massive black holes get their gas? 1539

Figure 2. Example of our multiscale simulations used to follow gas flows from ∼100 kpc to ∼0.1 pc. Each row is a separate simulation, with the initial
conditions for the intermediate- and nuclear-scale simulations taken from the output of the larger scale runs in the row above it. Each panel shows the projected
gas density (intensity) and effective sound speed (colour; blue is gas with an effective cs ∼ 10 km s−1 through yellow at ∼100–200 km s−1). Each image is
rotated to project the gas density ‘face-on’ relative to its angular momentum vector. From top left to bottom right, panels zoom in to the nuclear region around
the BH, with resolution spanning a factor of ∼106 in radius. Top: large-scale gas-rich galaxy–galaxy major merger simulation, just after the coalescence of
the two nuclei [run b3ex(co) in Table 1]. The apparent second nucleus is actually a clump formed from gravitational instability. Middle: a higher resolution
resimulation of the conditions in the central kpc (run If3b3midRg in Table 2). Despite the fact that the background potential is largely relaxed on these scales,
the very large gas inflows lead to a strongly self-gravitating disc on ∼0.5-kpc scales that develops a strong spiral instability, leading to efficient angular
momentum transport to ∼10 pc. Again, some clumping appears (there is only one nucleus). Bottom: high-resolution resimulation of the central ∼30 pc of the
intermediate-scale simulation, with a resolution of ∼0.1 pc (run Nf5h1c2 in Table 3). The potential is quasi-Keplerian, suppressing traditional bar and spiral
instabilities, but the large inflows lead to a self-gravitating system that develops a standing eccentric disc mode (single-armed m = 1). The stellar and gaseous
eccentric discs precess relative to one another on ∼1–10 pc scales and drive efficient inflows of ∼10 M⊙ yr−1 into the central 0.1 pc.
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Large (> kpc) scales 
•  Mergers 
•  Bars in isolated galaxies	


1- 10 pc scales 
•  Potential dominated by BH  
•  Forming m = 1 type spiral mode 
•  Inflow rate of  1- 10 Msun/yr	


10 – 1000 pc scales 
•  Gas inflow due to nested bars 
•  Resonances 	




Starburst winds/outflows	


•  Ubiquitous in SB galaxies with ~ 0.1 Msun/yr/kpc2 

•  Expansion along minor axis 
•  Multi-phase: hot (x-ray), ionized (H alpha) and cold 

(molecular) 

M82  
(Smithsonian Institution/Chandra 
X-ray Observatory) 	


Stellar Feedback gives Self-Regulated Star Formation

with feedback

no feedback

with feedback

no feedbackno radiation 
   pressure

no SNe or 
  stellar winds

Massive High-z Disk Dwarf Starburst

Hopkins et al. 	


No SNe or stellar winds	


Mass loss and feedback (quenching star formation)	




NGC 253 – evidence of outflow	

Starburst galaxy with outflows seen in ionized gas (low luminosity BH is not the 
dominant source).	


The imaging reveals the presence of previously unknown low-level
emission features that are approximately perpendicular to the bright
lane of CO emission in the central region of this barred galaxy (Fig. 2).
These molecular streamers have surface brightness in the range 30–
200 mJy per beam. Perhaps the most prominent feature (which we
name SW) is a ridge of CO emission at velocity v < 70–250 km s21

emerging on the southwest edge of the optically bright nuclear region,
coincident with a linear dark dust feature along the western edge of the
Ha and X-ray outflow (Figs 2 and 3). CO emission also extends south
from the eastern regions of the nucleus at n < 40–140 km s21, which
we associate with the southeast component of the molecular wind and
name SE. These features trace an arc almost perfectly aligned with the
edges of the Ha outflow (Fig. 3), making evident the close spatial
correlation between the high-emission-measure ionized filaments
and the molecular gas. The receding side of the galactic wind, invisible

in Ha and barely hinted at in X-ray emission due to absorption from
the intervening disk, is apparent in our CO images at velocities n <
240–400 km s21 as a two-pronged structure (that we name NW1 and
NW2) located northwest of the nucleus. We see no clear evidence for a
corresponding northeast component.

Several of the extraplanar CO features can be traced back in position
and velocity to molecular expanding shell structures in the starburst region
of NGC 253, providing clues to the launching mechanisms of the molecu-
lar wind (Fig. 2). Two of these structures (shells 1 and 3) were found by
previous CO observations and dubbed ‘superbubbles’12. We find four
expanding shells, with radii of 60–90 pc, expansion velocities of ,23–
42 km s21, characteristic dynamical ages of ,1.4–4 Myr and molecular
masses of (0.3–1)3 107 M[ (where M[ is the solar mass; see Supplemen-
tary Information). We measure momenta ,(8.5–40)3 107 M[km s21

and energies ,(2–20)3 1052 erg. The large momentum involved in each
shell suggests driving by the combined effects of multiple stellar winds
and (at later stages) supernovae originating in young stellar clusters. These
clusters are not directly observed except perhaps for shell 1 (see below).
Assuming a steadily driven super-bubble25 with mechanical power
,1039 erg s21 for each 105 M[ in the driving cluster, from the shell
momenta we infer stellar cluster masses of about (6–40) 3 104 M[ if
the typical cluster age is tcluster < 3 Myr (that is, before supernovae
contribute), or lower by a factor ,(tcluster/3 Myr)21.75 for older clus-
ters. Shell 1 corresponds to superbubble SB212, and contains a number
of sources suggestive of compact clusters in the HST WFC3 Paschen b
archival image (not shown). Shell 3 corresponds approximately to
superbubble SB112, and exhibits [Fe II] 1.644mm emission26 coincident
with a radio continuum compact source27, presumably a supernova
remnant. Shells 2 and 4 are located in regions of very high extinction,
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Figure 2 | The cool molecular wind in NGC 253. Maps of ALMA CO(1–0)
observations (white contours) against the Ha background image (red) showing
the outflow (north is up; east is left; reference coordinates are given in Fig. 1; the
lower left panel here gives the right ascension and declination offsets). The top
left panel shows the intensity integrated over all velocities (contours of
ScoDv 5 5, 10, 25, 100, 250 Jy km s21 per beam, whereDv is the velocity interval
for the integrated intensity). The other panels are channel maps spanning
37.5 km s21, with barycentric velocities indicated in the lower left corner of each
panel (contours of Sco 5 30, 120, 750 and 2,500 mJy per beam). The panels are
not corrected by field-of-view illumination, hence the signals are depressed
near the edges of the mosaic. The white bar and white filled ellipse in the top
right panel represent respectively 250 pc and the synthesized ALMA beam size
(h < 3.40 3 30). The dashed circle is the approximate half-power field of view of
our seven-pointing mosaic. The green circles numbered 1 to 4 show the location
and extent of the four expanding molecular shells identified in the CO cube.
The dashed cyan line sketch shown in the channel at 95 km s21 illustrates the
location and shape of the outer bright filaments in the Ha outflow18. The
systemic heliocentric velocity of NGC 253 is 243 km s21, and the emission in
the northern regions at 171–208 km s21 corresponds to material rotating with
the disk.
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Figure 3 | Integrated molecular wind emission in NGC 253. The
background image is a colour composite of HST J-band (shown blue), HST
H-band (green), and ALMA CO (red) emission integrated over all velocities
and corrected for the mosaic illumination (reference position is given in Fig. 1).
The dashed circle, white bar, white filled ellipse and dashed cyan line are as in
Fig. 2. The blue and magenta contours show the CO emission in the
approaching (v < 73–273 km s21) and receding (v < 208–356 km s21) lobes of
the outflow, respectively. The region 660 on each side of the galaxy plane has
been blanked for clarity. The contour levels correspond to ScoDv 5 5, 10 and
30 Jy km s21 per beam. The noise in the central regions of the mosaic is
,0.3 Jy km s21 per beam. The green circles illustrate the location and size of the
expanding molecular shells.
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The CO(1-0) (beam=3.2”) outflow coincides with 
the Hα outflow.	


Outflow mass: ~ 6.6 x 106 Msun 
Outflow rate: 9 Msun/yr 
SFR : ~ 3 Msun/yr 

Bolatto et al. 2013	


Outflow rate > SFR	


Starburst driven wind is limiting the star formation activity	




The Astrophysical Journal Letters, 770:L27 (5pp), 2013 June 20 Fathi et al.

Figure 1. Left: Hubble Space Telescope (HST) Hα image with a structure map showing the nuclear dust features (Fathi et al. 2006) and the footprint of the ALMA
HCN(4–3) pixels with A/N ! 20 (magenta contours). Overplotted in green are the spiral arms modeled by vdVF. Right: ALMA HCN(4–3) distribution and velocity
field. The circular and non-circular motion maps, Fourier reconstructed, and final residual maps are displayed in km s−1. The black curves in the bottom left panel
outline the predicted location of the non-circular motions due to the model spiral arms corresponding to the two-arm morphological arms drawn on the HST image (in
green). The non-circular velocities follow a similar three-fold symmetry. The ellipse in the top left panel displays the beam size, and the cross marks the kinematic
center, offset from the peak centroid by less than 0.′′3.
(A color version of this figure is available in the online journal.)

4. ANALYSIS

The ionized gas velocity Fourier terms were modeled by
vdVF, who constrained the detailed structure of the nuclear
spiral arms and the associated gas inflow from kinematic data
(solid curves in the lower panels of Figure 2). Their nuclear
spiral structure is consistent with a weak perturbation in the
gravitational potential due to a two-arm logarithmic spiral (in
morphology) with a pitch angle of 52◦±4◦ derived directly from
the Fourier expansion of the model velocity field. Similarly,
large pitch angles in the very central parts of galaxies have
also been modeled by Yuan & Yang (2006). Furthermore, the
innermost ∼100 pc radius of the data points analyzed by vdVF
displayed the largest errors in the third Fourier terms, as a
consequence of dust contamination.

We test the effect of beam smearing on the derived kinematic
parameters by artificially smoothing by a factor two, and find
that the Fourier terms remain virtually unchanged. A notable
effect of beam smearing is that it may lead to incorrect kinematic
center, which in turn may cause uncertainties in the third Fourier
terms. Wong (2000) found that smearing of 10′′ could produce
up to 10 km s−1 third Fourier terms. This is less than our error
bars. In light of these tests and following the discussion in Wong
(2000, Chapter 2), it unlikely that the innermost values would
be affected by beam smearing.

In Figure 2, we overplot the ALMA HCN(4–3) velocity
Fourier components on those derived from the GMOS data. The
top panel reveals a very good agreement between the rotation
curve (∼c1 in Equation (1)) of HCN(4–3) and that of the Hα
gas in the central 200 pc. Hence, due to the agreement of
their overall kinematics, the bulk rotation of the dense gas is
coplanar to the ionized interstellar gas. Further light can be
shed on the dynamical behavior of HCN(4–3) by considering
the higher Fourier terms. Figure 2 illustrates the analytic spiral
model that has lead to the kinematic derivation of the pitch angle
of the nuclear spirals with associated gas inflow rates (vdVF;

Piñol-Ferrer et al. 2011). A simple overplot of the ALMA data
(filled circles) displays striking agreement between the relatively
non-contaminated HCN(4–3) kinematic behavior and the model
predictions. The analytic spiral model predicts the HCN(4–3)
velocity Fourier terms down to 0.′′55 ! 40 pc.

Besides the n = 1 and n = 3 Fourier terms in the velocity
field, the non-circular motions also contain marginal n = 2
terms. vdVF argued that the n = 2 terms in the Hα were most
likely due to dust contamination and possible shocks associated
with the gas streaming along the nuclear spiral arms (see also
Valotto & Giovanelli 2004). This seems to be confirmed here
with the HCN(4–3) second terms consistent with zero inside
100 pc radius.

5. DENSE GAS STREAMING DOWN
TO !40 pc FROM THE SMBH

We use the derived c1 curve to measure the dynamical mass,
assuming a thin disk model and velocity uncertainties of 20%.
We derive the mass within the central 100 pc to 3.5+1.6

−2.0×108 M⊙,
and inside the 40 pc radius, 8.0+2.9

−3.5 × 106 M⊙. These masses
are based on velocity measurements well outside the sphere
of influence of the SMBH (∼13 pc; Peebles 1972). Even so, in
theory, a significant contribution from the SMBH is expected on
the rotating velocities at 40 pc radius. However, the synthesized
beam size of the ALMA data almost entirely smears out the
effect of the SMBH at this radius, and therefore, a rotation
curve at higher spatial resolution is needed to measure the
dynamical mass of the SMBH. Furthermore, it should be noted
that our mass estimate from the observed cold molecular gas
rotation curve is not corrected for the contribution of non-
circular motions in the c1 curve (see Figure 3 in vdVF). Thus,
these are likely lower mass limits.

The prescription for deriving mass inflow rates along the
nuclear spirals has been presented in vdVF. They combined
the resulting inflow velocity corresponding to the model spiral

3

NGC 1097 – evidence of inflow	
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Figure 1. Left: Hubble Space Telescope (HST) Hα image with a structure map showing the nuclear dust features (Fathi et al. 2006) and the footprint of the ALMA
HCN(4–3) pixels with A/N ! 20 (magenta contours). Overplotted in green are the spiral arms modeled by vdVF. Right: ALMA HCN(4–3) distribution and velocity
field. The circular and non-circular motion maps, Fourier reconstructed, and final residual maps are displayed in km s−1. The black curves in the bottom left panel
outline the predicted location of the non-circular motions due to the model spiral arms corresponding to the two-arm morphological arms drawn on the HST image (in
green). The non-circular velocities follow a similar three-fold symmetry. The ellipse in the top left panel displays the beam size, and the cross marks the kinematic
center, offset from the peak centroid by less than 0.′′3.
(A color version of this figure is available in the online journal.)

4. ANALYSIS

The ionized gas velocity Fourier terms were modeled by
vdVF, who constrained the detailed structure of the nuclear
spiral arms and the associated gas inflow from kinematic data
(solid curves in the lower panels of Figure 2). Their nuclear
spiral structure is consistent with a weak perturbation in the
gravitational potential due to a two-arm logarithmic spiral (in
morphology) with a pitch angle of 52◦±4◦ derived directly from
the Fourier expansion of the model velocity field. Similarly,
large pitch angles in the very central parts of galaxies have
also been modeled by Yuan & Yang (2006). Furthermore, the
innermost ∼100 pc radius of the data points analyzed by vdVF
displayed the largest errors in the third Fourier terms, as a
consequence of dust contamination.

We test the effect of beam smearing on the derived kinematic
parameters by artificially smoothing by a factor two, and find
that the Fourier terms remain virtually unchanged. A notable
effect of beam smearing is that it may lead to incorrect kinematic
center, which in turn may cause uncertainties in the third Fourier
terms. Wong (2000) found that smearing of 10′′ could produce
up to 10 km s−1 third Fourier terms. This is less than our error
bars. In light of these tests and following the discussion in Wong
(2000, Chapter 2), it unlikely that the innermost values would
be affected by beam smearing.

In Figure 2, we overplot the ALMA HCN(4–3) velocity
Fourier components on those derived from the GMOS data. The
top panel reveals a very good agreement between the rotation
curve (∼c1 in Equation (1)) of HCN(4–3) and that of the Hα
gas in the central 200 pc. Hence, due to the agreement of
their overall kinematics, the bulk rotation of the dense gas is
coplanar to the ionized interstellar gas. Further light can be
shed on the dynamical behavior of HCN(4–3) by considering
the higher Fourier terms. Figure 2 illustrates the analytic spiral
model that has lead to the kinematic derivation of the pitch angle
of the nuclear spirals with associated gas inflow rates (vdVF;

Piñol-Ferrer et al. 2011). A simple overplot of the ALMA data
(filled circles) displays striking agreement between the relatively
non-contaminated HCN(4–3) kinematic behavior and the model
predictions. The analytic spiral model predicts the HCN(4–3)
velocity Fourier terms down to 0.′′55 ! 40 pc.

Besides the n = 1 and n = 3 Fourier terms in the velocity
field, the non-circular motions also contain marginal n = 2
terms. vdVF argued that the n = 2 terms in the Hα were most
likely due to dust contamination and possible shocks associated
with the gas streaming along the nuclear spiral arms (see also
Valotto & Giovanelli 2004). This seems to be confirmed here
with the HCN(4–3) second terms consistent with zero inside
100 pc radius.

5. DENSE GAS STREAMING DOWN
TO !40 pc FROM THE SMBH

We use the derived c1 curve to measure the dynamical mass,
assuming a thin disk model and velocity uncertainties of 20%.
We derive the mass within the central 100 pc to 3.5+1.6

−2.0×108 M⊙,
and inside the 40 pc radius, 8.0+2.9

−3.5 × 106 M⊙. These masses
are based on velocity measurements well outside the sphere
of influence of the SMBH (∼13 pc; Peebles 1972). Even so, in
theory, a significant contribution from the SMBH is expected on
the rotating velocities at 40 pc radius. However, the synthesized
beam size of the ALMA data almost entirely smears out the
effect of the SMBH at this radius, and therefore, a rotation
curve at higher spatial resolution is needed to measure the
dynamical mass of the SMBH. Furthermore, it should be noted
that our mass estimate from the observed cold molecular gas
rotation curve is not corrected for the contribution of non-
circular motions in the c1 curve (see Figure 3 in vdVF). Thus,
these are likely lower mass limits.

The prescription for deriving mass inflow rates along the
nuclear spirals has been presented in vdVF. They combined
the resulting inflow velocity corresponding to the model spiral
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Used HCN(4-3) velocity field to model the gas kinematics 
associated with the AGN.  Found non-circular motion with 
gas mass inflow of 0.1 – 0.6 Msun/yr, feeding the central 
blackhole.	


AGN and SB ring	


HST	


Fathi et al. 2013	




NGC 1433 – evidence of outflow	


CO(3-2) on HST	


Molecular outflow 
M ~ 3.6 x 106 Msun 
Rate ~ 7 Msun/yr	


Combes et al. 2014	


Barred spiral galaxy with a 
Seyfert 2 nucleus	


Subtraction of the rotation (from Hα)	




NGC 1068 – inflow(?) and outflow	

•  14.4 Mpc (1” = 72 pc) 
•  AGN (Seyfert 2) + Starburst ring (diameter = 30”) 	




NGC 1068 – inflow(?) and outflow	

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

Fig. 4. a) (Left panel) The CO(3–2) integrated intensity map obtained with ALMA using an eleven-field mosaic in the disk of NGC 1068. The map
is shown in color scale with contour levels 5�, 10�, 20�, 30�, 45�, 70�, 100� to 500� in steps of 50�, and 600� to 800� in steps of 100�, where
1� = 0.22 Jy km s�1beam�1. The filled ellipse at the bottom right corner represents the CO(3-2) beam size (000.6⇥000.5 at PA = 60�). b) (Upper right
panel) Same as a) but zooming in on the circumnuclear disk (CND) region. c) (Lower right panel) Same as b) but for the CO(6–5) line, obtained
with a single field mosaic. Contour levels are: 5�, 10�, 20�, 30� , 40�, 70�, 90�, 120� to 240� in steps of 40� , where 1� = 2 Jy km s�1beam�1.
The filled ellipse at the bottom right corner represents the CO(6-5) beam size (000.4 ⇥ 000.2 at PA = 50�).

Band 7 and 9 flux measurements. Figure 3b shows a close-up
of the nuclear region of NGC 1068 at 435 µm at full resolu-
tion. Clearly there is much cold dust in this region including the
ionization cone, as discussed in Sect. 3.2, but more importantly
there is no point source associated with the position of the AGN.
This seems to confirm our suspicion that even at the 000.4⇥000.2 an-
gular resolution of the ALMA Band 9 observations, there can be
a contribution of cold dust not associated with the clumpy torus.
As a note, the fitted outer torus radius would correspond to an an-
gular diameter of 0.57+0.17

�0.43
00. The lower limit is consistent with

not having resolved the torus in Band 9 with the current angular
resolution. Incidentally, the NIR data points are also above the
CLUMPY torus model fit. The extra flux at these wavelengths
might come from the dust at the base of the ionization cone, as
can be the case with other Seyfert galaxies (see e.g., Hoenig et
al. 2013).

We can finally estimate the gas mass in the torus of
NGC 1068 based on the fit, according to Eq.A.1 of Appendix A.
We obtained: Mtorus = 2.1(±1.2) ⇥ 105 M�, where we consid-
ered that the main uncertainties come from the relatively un-
constrained torus size and from the scatter around the adopted
NH2/AV scaling ratio taken from Bohlin et al. (1978) (see Ap-
pendix A). This mass estimate is comfortingly similar to the es-
timated molecular gas mass detected inside the central r = 20 pc
aperture derived from the CO(3–2) emission, as discussed in
Sect. 5.4.

4.2. The central r  400 pc region: the CND and the
bow-shock arc

ALMA observations in Bands 7 and 9 were combined with
PACS observations obtained at 70 µm and 160 µm in compa-
rable apertures by Hailey-Dunsheath et al. (2012) to constrain

the overall SED of the dust emission in the central r = 400 pc of
the galaxy. The estimate of Mgas based on this fit and the implied
conversion factor for CO (XCO), discussed in Sect. 5.4, are used
in Sect. 6 to derive the mass load of the outflow identified in this
region.

The SED was fit using a modified black-body (MBB) model
to derive the dust temperature (Tdust), dust mass (Mdust) and
emissivity index (�) in this region. In this approach, the mea-
sured fluxes, S ⌫, can be expressed as S ⌫ = Mdust ⇥ ⌫ ⇥
B⌫(Tdust)/D2, where the emissivity of dust, ⌫, scales as ⇠
352 GHz ⇥ (⌫[GHz]/352)�, with 352 GHz = 0.09 m2 kg�1 (a value
rounded up from 352 GHz = 0.0865 m2 kg�1 used by Klaas et
al. 2001), B⌫(Tdust) is the Planck function, and D is the distance.
Prior to the fit, the fluxes in the two ALMA bands were corrected
for the contamination by non-thermal emission in the central 100
aperture at the AGN, as estimated in Sect. 4.1.1. The best MBB
fit is found for Mdust = (8 ± 2) ⇥ 105 M�, Tdust = 46 ± 3 K and
� = 1.7 ± 0.2. The errorbars on the parameters of the fit reflect
the uncertainties due to the estimated range of missing flux in
the ALMA bands, derived in Sects. 3.1 and 3.2.

The value of Mdust can be used to predict the associated neu-
tral gas mass budget in this region. Applying the linear dust/gas
scaling ratio of Draine et al. (2007) (see also Sandstrom et
al. 2013) to the gas-phase oxygen abundances measured in the
central 2 kpc of NGC 1068 (⇠ 12+log (O/H)⇠ 8.8; Pilyugin
et al. 2004, 2007), which yields a gas–to–dust mass ratio of
⇠ 60+30

�30, we estimate that the total neutral gas mass in the cen-
tral 1000 aperture is Mgas = (5 ± 3) ⇥ 107 M�. This number is
a good proxy for the molecular gas mass in this region because
the HI distribution in the disk of NGC 1068, studied by Brinks et
al. (1997), shows a bright ring between 3000 and 8000 with a true
central hole.

Article number, page 7 of 24
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Fig. 8. a) (Left panel) The HCO+(4–3) integrated intensity map obtained for NGC 1068. Contour levels are: 5�, 10� to 70� in steps of 10�, and
85�. The filled ellipse shows the HCO+ beam size, similar to that of CO(3–2). Panels b) (upper right panel) and c) (middle right panel) show a
zoomed-in view of the HCO+ and HCN images, respectively, with 3� contours added to the list of displayed levels. e) (Lower right panel) Same
as b) and c) but for the CS(7–6) line. Contour levels are: 3�, and 5� to 40� in steps of 5�. The assumed value of 1� common for all lines is
⇠ 0.20 Jy km s�1beam�1.

Fig. 9. We show from left to right the CO(3–2), CO(6–5), HCN(4–3) and HCO+(4–3) emission line profiles towards the position of the AGN.
The corresponding apertures are 0.600 ⇥ 0.500 (40 pc) and 0.400 ⇥ 0.200 (20 pc) for observations in Band 7 (CO(3–2), HCN(4–3) and HCO+(4–3))
and Band 9 (CO(6–5)), respectively. The red lines identify the 1� level for each transition in order to illustrate the reliability of detections. The
undetected CS(7–6) line is included in the last panel (green histograms). Velocities refer to vsys(HEL) = 1127±3 km s�1.

see Sect. 6.1.1) and extends in contiguous channels across 200-
300 km s�1 over significant levels (> 1�) in all tracers. Gaus-
sian fits to the line profiles extracted from the same apertures
(⇠ 40 pc) indicate that the higher density tracers (HCN(4–3) and
HCO+(4–3)) show significantly wider lines (FWHM ⇠ 180 ±
10 km s�1) compared to CO(3–2) (FWHM ⇠ 106 ± 3 km s�1).
This result indicates that the excitation of molecular gas, esti-
mated from the HCN(4–3)/CO(3–2) and HCO+(4–3)/CO(3–2)
line ratios, is enhanced at the highest velocities, which in all
likelihood correspond to gas lying closer to the central engine.
This trend runs in parallel with the observed tendency to find
higher velocity-integrated ratios at the smallest radii inside the
CND (see discussion in Sect. 7).

As shown in Fig. 9 the half width of the CO(6–5) line derived
using the velocity channels that show contiguous emission above
a 1�-level is ⇠ 125 km s�1. Adopting an inclination angle i =
40 � 41� (Bland-Hawthorn et al. 1997; Sect. 6.1), the implied
spherical mass enclosed at r ⇠ 000.15 (10 pc) is Mdyn ⇠ 8 � 9 ⇥
107 M�. This is a factor ⇠ 7 � 8 higher than the black hole mass
(1 � 1.2 ⇥ 107 M�) estimated from the H2O maser kinematics
in the inner r ⇠ 0.7 pc of the galaxy (Greenhill et al. 1996;
Gallimore et al. 2001), an indication that most of the dynamical
mass at r ⇠ 000.15 (10 pc) is contained in the central stellar cluster.

Article number, page 10 of 24

Detect a circum-nuclear disk (350 pc in size) 
 
CO(3-2) is abundant, tracing the extended/ring SF, whereas dense gas tracers such 
as CO(6-5), HCN(4-3), HCO+(4-3), CS(7-6) are only detected in the nuclear disk.	


Garcia-Burillo et al. (2014)	




NGC 1068 – inflow(?) and outflow	


Significant non-circular motion is present -> which may be caused by the bar 
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Fig. 13. Comparison of s1 and s3 terms normalized by the circular ro-
tation term c1 derived from the adopted best fit of the CO(3-2) veloc-
ity field. The continuous line represents the least-squares fit to the data
points, and the dashed line represents the expected warp line location
predicting a relation between the s1 and s3 terms for an error in the po-
sition angle adopted throughout the disk (PA = 289�) (see discussion
in Wong et al. 2004). The sign of s1 is taken as a signature of inflow or
outflow as shown, for the assumed geometry of the galaxy. Black sym-
bols correspond to points at radii > 300, while red symbols correspond
to radii  300.

Fig. 14. Overlay of the integrated intensity map of CO(3–2) (in
contours: 15�, 30�, 60�, 100�, 200� and 300�; with 1� =
0.22 Jy km s�1beam�1) on the residual mean-velocity field (hVresi, in
false-color scale spanning the range: –90 km s�1 to 90 km s�1) ob-
tained after subtraction of the best fit rotation component, as described
in Sect. 6.1.1. Velocities refer to vsys(HEL) = 1127 km s�1.

maser emission detected in the central r ⇠ 0.7 pc, as derived
from the Very Long Base Interferometry (VLBI) observations of
Greenhill & Gwinn (1997).

Figures 12ab compare the magnitude of the (projected) cir-
cular component of the CO(3–2) velocity field (vcirc = c1) ob-
tained in the fit with that of the non-circular motions (vnonc) de-
fined in Eq. 3. While the value of vnonc/vcirc stays within the range
⇠ 0.2 � 0.6 over a sizable fraction of the outer disk (300 < r <
2000), reflecting the expected order of magnitude of the contribu-

tion from the bar and the spiral structure to vnonc in this region,
the same ratio reaches extremely high values (⇠ 0.8�1.30) in the
inner r  300 of the galaxy. As further illustrated in Fig. 12c, the
main contribution to vnonc comes from the s1 term. In particular,
the sign (> 0) and normalized strength of s1 (s1/c1 > 0.3) indi-
cates that strong outflow motions prevail at r  300. The s1 term
changes sign at r ⇠ 800 and stays moderately strong and negative
(�0.5 < s1/c1 < �0.1) further out in the disk; this behavior fairly
reflects the expected influence of the bar and the spiral structure
on the gas flow provided that we are inside corotation of the
relevant perturbation (bar or spiral) at these radii (Schinnerer et
al. 2000; Wong et al. 2004; Emsellem et al. 2006).

Figure 13, where we compare the s1 and s3 terms of the
Fourier decomposition of vlos, also supports that bar-and-spiral
induced streaming motions (inside corotation) are the simplest
explanation for the s1 profile in the outer disk: the dominance
of the s1 term over the s3 term indicates that we remain inside
corotation in this region. This supports the conclusion that the
molecular gas pseudo-ring at r ⇠ 1800 (1.3 kpc) is not part of
the inner bar pattern, but that it constitutes an independent wave
feature characterized by a lower pattern speed (e.g., see Rand
& Wallin 2004). By contrast, this mostly excludes the stream-
ing motion scenario to explain the strong outward radial mo-
tions identified in the inner disk, which we rather interpret as a
molecular outflow: values of s1 � 0 would be prevalent outside
corotation for the assumed geometry of NGC 1068.

Figure 14 shows the residual mean-velocity field (hVresi) ob-
tained after subtraction of the rotation component derived in the
analysis above. The residuals clearly show a pair of approaching-
receding regions in the outer disk. This morphology follows the
expected 2D-pattern produced by the combined action of the bar
and the spiral on the gas flow provided that we are inside corota-
tion of the perturbations on these scales (Canzian 1993; Sempere
et al. 1995, Colombo et al. 2014). This is in agreement with the
predominance of an inward radial flow that characterizes the fit
to non-circular motions in the outer disk.

Closer to the nucleus the comparison between the resid-
ual velocity field, shaped by outward radial motions, and the
gas/dust distribution in the inner disk suggests that a significant
fraction of the gas in this region is associated with the outflow,
as shown in Figs. 15ab. Most remarkably, Figs. 15cd show a no-
ticeable spatial correlation between the AGN ionized nebulosity,
traced by Pa↵ emission, the radio jet plasma, traced by the radio
continuum emission at 22 GHz, and the molecular outflow sig-
nature identified in the CO velocity field. This close association,
which applies to a large range of radii and to a wide angle in
the disk, suggests that a sizable fraction of the dense molecular
gas traced by CO(3–2) is being entrained due to AGN feedback
in the CND, and further out in the disk, in the bow-shock arc
region (located at r ⇠ 400 pc).

6.1.2. Mass outflow rate

To derive the mass load of the outflow we need to estimate the
characteristic mass (Mmol) as well as the projected values of the
radial size (Rout) and velocity (Vout) of the outflow, and also as-
sume a certain geometry (i.e., a certain angle ↵ between the out-
flow and the line of sight). If we assume a multi-conical outflow
uniformly filled by the outflowing clouds (Maiolino et al. 2012;
Cicone et al. 2014), the mass load rate (dM/dt) can be estimated
from the expression:

dM
dt
= 3 ⇥ Vout ⇥ Mmol/Rout ⇥ tan(↵) (4)
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Residual velocity after subtracting the best fit rotation model. 



NGC 1068 – inflow(?) and outflow 	

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

Fig. 16. Position-velocity (p-v) plots taken
along the kinematic minor axis (PA = 19�)
of NGC 1068 help identify outflow signatures
in several molecular tracers: a) (Upper left
panel) CO(3–2) (color scale in Jy beam�1 and
contours: 3�, 5�, 10�, 20�, 30�, 45�, 70�
and 95�; 1� = 2.8 mJy beam�1). b) (Upper
right panel) CO(6–5) (color scale in Jy beam�1

and contours: 2.5�, 4�, 6�, 8�,10�, 14� and
18�; 1� = 23 mJy beam�1). c) (Lower left
panel) HCN(4–3) (color scale in Jy beam�1

and contours: 2.5�, 4�, 6�, 8�, 12�, 16�,
20�, 26� and 30�; 1� = 1.8 mJy beam�1).
d) (Lower right panel) HCO+(4–3) (color scale
in Jy beam�1 and contours: 2.5�, 4�, 6�, 8�,
10� and 12�; 1� = 2.0 mJy beam�1). The
velocity scale (hVresi) is identical to that of
Fig. 14. The spatial scale (�y) along the minor
axis refers to the AGN locus; positive o↵sets
on the northern side. The black dashed lines
at hVresi = ±50 km s�1 identify the expected
range of virial motions along the minor axis.
The red solid lines in panels a) and c) indicate
the edges of the bands beyond which data have
been flagged (hVresi < �170 km s�1 in CO(3–2)
and hVresi > 260 km s�1 in HCN(4–3)). Sim-
ilarly we also identify the 900 field-of-view in
the CO(6–5) p-v plot of panel b).

coupled kinematics observed in the CND: a nuclear warp or a
non-coplanar lopsided instability.

6.4.1. A nuclear warp

Schinnerer et al. (2000) explored a nuclear warp scenario in an
attempt to model the kinematics of molecular gas in the nuclear
region of NGC 1068, based on CO(2–1) observations obtained
with the PdBI. They concluded that gas motions could be equally
fit with either a warp or a nuclear bar in the CND. One of the key
predictions of their warp model was that the CO disk should be-
come edge-on at a radius of ⇠ 70 pc. However, we do not see the
signature of an edge-on disk on these spatial scales in the higher-
resolution ALMA maps presented in this work. Furthermore the
internal kinematics of the CND do not show the typical S-shaped
distortion attributable to a nuclear warp instability.

The diagram shown in Fig. 13, originally introduced by
Wong et al. (2004), can also be used as a diagnostic tool to iden-
tify nuclear warp signatures in the velocity field of galaxies in the
particular case where the hypothesized tilted orbits share a com-
mon center. An inspection of Fig. 13 indicates that the continu-
ous line, which represents the least-squares fit to the NGC 1068
data points, shows no correspondence to the expected location
of the warp line, which would relate the s1 and s3 terms in the
case of a warp having the AGN as a common center of the tilted
non-coplanar orbits. This disagreement, more evident in the in-
ner disk, leads us to conclude that the simplest nuclear warp sce-

nario described above is not a satisfactory explanation for the
velocity residuals observed in this region.

6.4.2. A non-coplanar lopsided instability

If we abandon the restriction of having the AGN as common or-
biting center for both the CND and the outer disk, the scenario
of non-coplanarity remains nevertheless viable. In this scenario,
a non-coplanar CND would be orbiting around a secondary nu-
cleus at (�↵, ��) ⇠ (�1.500,�100), i.e., 100 = 70 pc o↵set to the
south-west relative to the AGN.

Two types of mechanisms have been described as potential
triggers of lopsided non-coplanar gas instabilities in galactic nu-
clei:

1. External trigger: The postulated secondary nucleus could
be the footprint of a recent minor merger with a nucleated satel-
lite. In this scenario dynamical friction would make the satel-
lite quickly sink toward the nucleus of the host dragging the ac-
creted gas disk to the central region (Taniguchi & Wada 1996;
Taniguchi 1999, 2013). Minor mergers could thus explain a ran-
dom orientation of circumnuclear gas disks in the NLR of Seyfert
galaxies, as the orbital plane of the resulting nuclear disk would
be determined by the orbital parameters of the accreted satellite
(Taniguchi 2013). As the CND is noticeably o↵-centered, this
would imply that NGC 1068 would be at an early stage in the
merging process where the secondary nucleus has not yet sunk
toward the nucleus. However, the absence of any signature of a
secondary nucleus in the high-resolution HST/NICMOS images
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High velocity component 
seen at small (~100 pc) 
scales 

Signature of outflow	




Galaxy Mergers 
1. Gas outflow 
2. K-S Law and mergers 
3. Morphological evolution	




Galaxy Interactions and Mergers	


(Bridge+10)	


Galaxy mergers play important roles in the formation and 
evolution of galaxies, as illustrated by the increasing galaxy 
merger rate at higher redshifts (e.g., Lin+04, Bundy+09). 
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Fig. 2.— 12CO(J=1–0) (left), 12CO(J=2–1) (middle), and 12CO(J=3–2) (right) images of NGC 3256. The four rows are, from the top, moment
0, 1, 2 maps and peak Tb maps with the data units of K km s−1, km s−1, km s−1, and K, respectively. The two plus signs are at the positions of
the cm-wave radio nuclei. The offset coordinates are measured from the common ALMA Cycle 0 and SMA pointing position in Table 1. Intensity
maps (the top and the bottom rows) are corrected for the (mosaicked) primary beam responses; dotted lines show them at 50% of their peaks.
The nth contours in the moment 0 maps are at cnp Kkm s−1, where (c, p) = (18, 1.7), (61, 1.5), and (27, 2) for CO(1–0), (2–1), (3–2), respectively.
Contours in the moment 1 maps are at every 20 km s−1 including 2775 km s−1, and those in the moment 2 maps at every 10 km s−1 starting
from 10 km s−1. The nth contours in the peak Tb maps are at dnq K, where (d, q) = (0.55, 1.4), (2.5, 1.0), and (1.5, 1.3) for CO(1–0), (2–1), (3–2),
respectively. The maximum brightness temperatures in the maps are 15.2, 19.5, and 22.4 K for CO(1–0), (2–1), (3–2), respectively. Synthesized
beams are shown with their FWHM sizes at the bottom-left corners of the panels.
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Fig. 15.— CO(3–2) spectrum sampled with a 2′′-diameter aperture at the midpoint of the two nuclei from a cube of 1.′′15 and 8.7 km s−1

(10 MHz) resolutions. The same spectrum is plotted twice with different y axis ranges. HC3N(38–37) and H13CN(4–3) lines should appear
at the marked locations if emitted from gas at the velocity of the CO(3–2) line peak.
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Fig. 16.— CO position-velocity cuts through the nuclei. The upper row is for CO(1–0) and lower CO(3–2). The three columns are
(left) p.a.=270◦ cut through the N nucleus, (middle) p.a.=270◦ cut through the S nucleus, (right) p.a.=0◦ cut through the midpoint of
the N and S nuclei. The locations of the two nuclei are marked with the letters N and S. For CO(1–0), each cut is 2.′′5 wide and the data
resolution is ∼2.′′7. Contours are at ±2 × 2nσ (n = 0, 1, 2, 3, . . .), where σ = 4.6 mK. For CO(3–2), the slit width and the data spatial
resolution are both 1.′′1. Contours are at ±2.5 × 2nσ (n = 0, 1, 2, 3, . . .), where σ = 12 mK. Negative contours are dashed. Labels of the
intensity scale bars are in kelvin. The resolution element is shown as a black rectangle in the bottom left corner.

Position Velocity Diagram	


CO(3-2)	


Bipolar outflow from both galaxies 
Both > 50 – 60 Msun/yr  	


Sakamoto et al. (2014)	
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Fig. 21.— Illustrations of the NGC 3256 system projected to the sky plane (left) and to the orbital plane of the two nuclei (right).
The northern nucleus belongs to the merger progenitor shown in gray. This component has a low inclination and has several spiral arms.
The southern nucleus belongs to the merger progenitor shown in brown. This component is close to edge-on, strongly disturbed, and is
slightly foreground of the northern galaxy plane. The orbital plane of the two nuclei is close to the sky plane but has its near side likely
to the south. Both nuclei (and progenitors) have prograde rotation with respect to the orbital motion of the two nuclei as shown in the
right panel. They have different inclinations with respect to the orbital plane and the northern nucleus is a factor of a few more massive
than the southern nucleus. Both nuclei drive their own bipolar molecular outflow. They are shown as blue and red lobes for redshifted and
blueshifted gas, respectively. The outflow from the northern nucleus is nearly pole-on and is wide-open. The southern outflow is nearly
edge-on, well collimated, and its apparent velocity increases with distance up to about 0.3 kpc from the southern nucleus. The blue cone
of the southern outflow gradually curves toward west as it leaves the nucleus.

Sakamoto et al. (2014)	
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Star formation in galaxy mergers 167

Figure 4. Kennicutt-Schmidt diagram showing the evolution of a major merger simulation in the
(Σgas ; ΣSF R ) plane (see text for details). The two dashed lines are the two star formation “laws”
for disks and starbursts proposed by Daddi et al. (2010b). The pre-merger isolated disks evolve
on the “disk sequence”. The interaction and merger trigger a starburst not just through global
gas inflows increasing the global averaged gas density, but also by increasing ISM turbulence
and forming an excess of dense gas in massive cold clouds. The system then evolves towards the
“starburst” mode as observed, while the increased fractions of dense gas could independently
suggest a high excitation of molecular lines. The post-merger early-type galaxy settles back on
a quiescent or even deficient mode.

The interpretation of merger-induced starbursts proposed from our high-resolution
models is that it is not just a global gas inflow that increases the average gas density and
increases the SFR, but also that there are strong non-circular motions, high turbulent
velocity dispersions, causing many small-scale convergent flows and local shocks, that in
turn initiate the collapse of dense star-forming clouds with high Jeans masses. The former
“standard” process does take place, but the later can be equally important especially in
the early phases of mergers.

We here note Σgas the average gas surface density of a galaxy. This is the quantity that
observers would typically derive from the total gas mass and half-light radius, or similar
quantities. The second mechanism above is a way to increase the SFR of a system, and
its SFR surface density ΣSF R , without necessarily increasing its average Σgas . Actually
in our merger models Σgas does increase (as there are global merger-induced gas inflows),
but ΣSF R increases in larger proportions (as the starburst is not just from the global
merger-induced inflow but also from the exacerbated fragmentation of high-dispersion
gas). Going back to the density PDFs shown previously, one can note that the fraction
of very dense gas (say, in the ∼ 104−6 cm−3 range) can increase by a factor of 10–20
in mergers while the average surface density Σgas increases by a factor 3–5 (see also on
Figure 4). As a consequence, the ΣSF R activity of these systems is unexpectedly high
compared to their average surface density Σgas .

Figure 4 shows the evolution of a system throughout a merger simulation in the
(Σgas ;ΣSF R ) plane. While our pre-merger spiral galaxy models lie on the standard Ken-
nicutt relation, starbursting mergers have high ΣSF R/Σgas ratios. This is in agreement
with observational suggestions that quiescent disks and starbursting mergers do not fol-
low the same scaling relations for star formation, but could actually display two different
star formation “laws” (Daddi et al. 2010b; Genzel et al. 2010). The offset between the
disk and merger sequences proposed by Daddi et al. (2010b) is quantitatively recovered
in our simulations (Figure 4). Post-starburst, post-merger systems lie back on the

Daddi et al. (2010)	
 Bournaud et al. (2011)	
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Fig. 10.— Molecular gas mass and SFR in boxes labeled R1 - R39 of VV114 and other

galaxies. a) is a comparison VV114 with other galaxies. Filled boxes show regions of VV114,

while crosses show galaxies in the sample of Kennicutt (1998). b) Map of box-averaged gas

depletion time (τgas = ΣH2/ΣSFR). The color ranges of c) and d) show R3−2/1−0 and R12/13

values, respectively. The dashed line and the dotted line indicate constant gas depletion

time (τgas = ΣH2/ΣSFR) of 1 Gyr and 100 Myr, respectively.

SB Sequence	
 Disk Sequence	


Saito et al. in prep 	




Mergers	


Morphological Evolution	




Formation of an extended gas disk	


•  Stars: Violent relaxation -> Spheroidal component 
•  Gas: Nuclear/Extended star formation  

Face-on 	
 Edge-on 	
 Face-on 	
 Edge-on 	


The distribution of stars vs. gas in a merger remnant 
(Springel & Hernquist+05)	




Sample of Merger Remnants	


 
 
Our sample is drawn from the optically-selected merger remnant 
sample (Rothberg & Joseph 2004) according to the following 
criteria: 

1.  Optical morphology (tidal tails, loops, and shells) 
2.  Single nucleus 
3.  The absence of nearby companion 

K-band images of 37 merger remnant sample	


(Images: Rothberg & Joseph 2004)	






Results and Implications	


•  54% of the sources have smaller gas disks than the K-
band effective radius 
• Candidates for early type galaxy 

•  46% of the sources have larger gas disks than the K-band 
effective radius 
• Candidates for late type galaxy with stellar bulge	


Teyssier et al. (2010)	
 Dekel et al. (2009)	




Results and Implications	

Kinematics alone is not sufficient to tell if these high-z galaxies 
are quiescent disks (favoring cold accretion) or mergers.	


Forster-Schreiber et al.	




Future of ALMA and Synergies with 
Subaru in the 2020’s	




Subaru – ALMA Synergy	


Alatalo et al. (2013)	
 Krajnović et al. (2011)	


Cold molecular gas Warm/ionized gas 	


Results from ATLAS3D	




ALMA  in  2020  and  beyond�
• 0.01”  resolution  realized  (currently  ~∼0.1”)�
•  Point  source  sensitivity  improved  by  50%  (with  Full  
ALMA)�

•  (almost)  all  frequency  bands  available  from  35  GHz  –  
900  GHz�

• VLBI  and  solar  observations�
•  Future  development  (2020-‐‑‒2030)�

•  Multi-‐‑‒beam  receiver  (Increase  the  FOV)�
•  Longer  baselines  (even  higher  angular  resolution)�
•  Better  correlator�
•  Wider  bandwidth�
�



ALMA FOV	

Band	
 Frequency 

[GHz]	

Wavelength 

[mm]	

FOV 

[arcsec]	


3	
 84 - 116	
 2.6 – 3.6	
 ~52” 

4	
 125 - 163	
 1.8 – 2.4	
 ~32”	


6	
 211 – 275	
 1.1 – 2.4	
 ~21”	


7	
 275 – 373	
 0.80 – 1.09	
 ~17”	


8	
 385 – 500	
 0.60 – 0.78	
 ~11”	


9	
 602 – 720	
 0.42 – 0.50	
 ~8”	


10	
 787 – 950 0.32 – 0.38 ~6”	




Requirements  for  IFU�

•  Nearby  galaxies  are  very  large  
(1-‐‑‒10s  of  arcmin)�

•  880  ALMA  pointings  (Nyquist  @  
100GHz)  to  cover  14  x  14  arcmin  �

•  Both  ALMA  and  Subaru/IFU  will  
not  be  ideal  for  a  large  scale  
kinematical  mapping  of  large  
galaxies�
�

M33	




Requirements for IFU	

•  Focus on nuclear regions of nearby 

galaxies (1 – 10” scale) or compact 
U/LIRGs (~< 60” scales) 

• Nuclear inflow/outflow kinematics of 
cold gas (ALMA) and ionized/warm 
gas (Subaru) 

• Comparable FOV (6 – 11”) at high 
frequency ALMA bands (> 400 GHz). 

A&A proofs: manuscript no. ngc1068-paper-I-ALMA-revised-ASTROPH-au

Fig. 8. a) (Left panel) The HCO+(4–3) integrated intensity map obtained for NGC 1068. Contour levels are: 5�, 10� to 70� in steps of 10�, and
85�. The filled ellipse shows the HCO+ beam size, similar to that of CO(3–2). Panels b) (upper right panel) and c) (middle right panel) show a
zoomed-in view of the HCO+ and HCN images, respectively, with 3� contours added to the list of displayed levels. e) (Lower right panel) Same
as b) and c) but for the CS(7–6) line. Contour levels are: 3�, and 5� to 40� in steps of 5�. The assumed value of 1� common for all lines is
⇠ 0.20 Jy km s�1beam�1.

Fig. 9. We show from left to right the CO(3–2), CO(6–5), HCN(4–3) and HCO+(4–3) emission line profiles towards the position of the AGN.
The corresponding apertures are 0.600 ⇥ 0.500 (40 pc) and 0.400 ⇥ 0.200 (20 pc) for observations in Band 7 (CO(3–2), HCN(4–3) and HCO+(4–3))
and Band 9 (CO(6–5)), respectively. The red lines identify the 1� level for each transition in order to illustrate the reliability of detections. The
undetected CS(7–6) line is included in the last panel (green histograms). Velocities refer to vsys(HEL) = 1127±3 km s�1.

see Sect. 6.1.1) and extends in contiguous channels across 200-
300 km s�1 over significant levels (> 1�) in all tracers. Gaus-
sian fits to the line profiles extracted from the same apertures
(⇠ 40 pc) indicate that the higher density tracers (HCN(4–3) and
HCO+(4–3)) show significantly wider lines (FWHM ⇠ 180 ±
10 km s�1) compared to CO(3–2) (FWHM ⇠ 106 ± 3 km s�1).
This result indicates that the excitation of molecular gas, esti-
mated from the HCN(4–3)/CO(3–2) and HCO+(4–3)/CO(3–2)
line ratios, is enhanced at the highest velocities, which in all
likelihood correspond to gas lying closer to the central engine.
This trend runs in parallel with the observed tendency to find
higher velocity-integrated ratios at the smallest radii inside the
CND (see discussion in Sect. 7).

As shown in Fig. 9 the half width of the CO(6–5) line derived
using the velocity channels that show contiguous emission above
a 1�-level is ⇠ 125 km s�1. Adopting an inclination angle i =
40 � 41� (Bland-Hawthorn et al. 1997; Sect. 6.1), the implied
spherical mass enclosed at r ⇠ 000.15 (10 pc) is Mdyn ⇠ 8 � 9 ⇥
107 M�. This is a factor ⇠ 7 � 8 higher than the black hole mass
(1 � 1.2 ⇥ 107 M�) estimated from the H2O maser kinematics
in the inner r ⇠ 0.7 pc of the galaxy (Greenhill et al. 1996;
Gallimore et al. 2001), an indication that most of the dynamical
mass at r ⇠ 000.15 (10 pc) is contained in the central stellar cluster.
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VV114	
 NGC3256	
 NGC1068	




HI kinematics with SKA 
(2020 - )	


Yun et al.	




Summary	

• ALMA producing new results 

•  Inflow, outflows in SB and AGNs 
•  Merging galaxies (K-S law, Morphology, outflows) 
•  and a lot more! 

• ALMA in the 2020s 
•  0.01” resolution 
•  All frequency bands (cold gas to warm/dense gas) 
•  FOV will still be a problem unless we implement a multi-beam receiver 

• Subaru-ALMA synergies in the 2020s 
•  Kinematics of cold and warm/ionized gas 
•  FOV of Subaru/IFU and high frequency ALMA bands are comparable 
•  Wide area IFU will be complementary to future development of ALMA 	



