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AGN feedback?  
The influence (or lack thereof?*) of AGNs
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*at z=0



Nyland et al. 2013

The masses of 
central black 
holes and bulges 
are correlated, 
suggesting co-
evolution 

McConnell & Ma 2013

Why AGN feedback?



Why AGN feedback?

Bell et al. 2003, Oppenheimer & Davé 2010

Simulations are not 
able to reproduce 
the observed galaxy 
mass distribution 
without feedback 
—they make too 
many very massive 
galaxies lo
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Finding AGN outflows

Near ubiquitous high-v outflows 
(v~0.1c) have been reported in UV 
and X-rays

Arav 2001

Tombesi et al. 2010



AGN outflows: ionized gas

AGN outflows were then 
discovered in [O III] in 
bright radio galaxies

Then a systematic [O III]  IFU study 
of normal star forming AGN hosts 
confirmed that ionized gas outflows 
were nearly ubiquitous as well

Nesvadba et al. 2008 Harrison et al. 2014



AGN outflows: neutral ISM

Blue-shifted H I absorption 
was reported in many radio 
galaxies

742 R. Morganti et al.: IC 5063: AGN driven outflow of warm and cold gas
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Fig. 8. Comparison between the width of the H I absorption (white pro-
file) and that of the ionised gas (from the [O III]5007 Å). The first or-
der similarity between the amplitude of the blueshifted component is
clearly seen.

VLBI data that the most blueshifted H I absorption component
is also seen against the NW radio lobe. The similarity between
the kinematics of this blueshifted wing of ionised gas and the H I
is illustrated in Fig. 8. Thus, a fast outflow is observed – at the
same location and with similar velocities – in both the atomic
neutral and the ionised gas. The fact that these outflows have
such similar characteristics indicates that the detection of out-
flows of neutral hydrogen is likely not biased toward the strong
radio continuum (i.e. one would see the outflow occurring only
where there is strong background continuum). Nevertheless, we
can not entirely rule out the idea that the neutral outflow extends
beyond the radio lobes and is driven by a different mechanism
(e.g. a starburst-induced super-wind).

Following Holt et al. (2006), we can estimate the mass
outflow rate of the warm, ionised gas and compare this with
that of the neutral gas. We have determined the Hβ flux using
a large aperture (1.5 arcsec) centred on the outflowing region
to include all flux in the outflowing component. This gives a
flux in the outflowing component of Hβ of (2.34 ± 0.27) ×
10−15 erg s−1 cm−2 Å−1. For the reddening and density, we
have used values consistent with those presented in Table 3 for
the outflowing region, namely a reddening of E(B − V) = 0.8
and a gas density of ne = 2000 cm−3. This gives a reddening
corrected Hβ flux of (3.53 ± 0.41) × 10−14 erg s−1 cm−2 Å−1

and the luminosity of the outflowing component in Hβ
(computed following the method of Holt et al. 2006) is

L(Hβ) = 9.77 × 1039 erg s−1 cm−2. A mass outflow rate of
0.08 M⊙ yr−1 obtained. This is similar to the lower end of the
range calculated for PKS 1549−79 (0.12−12 M⊙ yr−1). Thus,
regardless the uncertainties in the value of the density and as
earlier found in other galaxies, the contribution of the outflow
of ionised gas is much lower than that of the H I. As discussed
in Morganti et al. (2005), the presence of fast neutral outflows
indicates that after a strong jet-cloud interaction the gas can cool
very efficiently, as is indeed predicted by recent numerical sim-
ulations of jets impacting on gas clouds (Mellema et al. 2002;
Fragile et al. 2004; Krause 2007). The relatively low outflow rate
for the ionised gas suggests that this cooling is indeed efficient
and that most of the outflowing gas is neutral.

It is intriguing to see that, while neutral and ionised gas
share, to first order, the same location, only a relatively small
part of the gas is ionised. Two possibilities can be considered to
explain this:

i) a large fraction of the jet-induced outflow is, for example,
shielded from the AGN ionizing continuum. We could imag-
ine a situation in which the jet drills through the relatively
dense ISM we know to exist in the galaxy, staying relatively
confined until it reaches a lower density part of the dust lane
structure where the lobes/jets can expand more freely, caus-
ing the outflows we observe. Only a small fraction of the
outflow is illuminated and ionized by the AGN continuum
through the hole drilled out by the initial expansion of the ra-
dio jet through the denser inner ISM. In this case, high reso-
lution images of the ionized and neutral outflows would show
that they have different detailed spatial distributions, while
still both associated with the radio jets;

ii) it is also possible that, following cooling behind the jet-
induced shocks, the cooled cloud fragments are relatively
large and dense. In this case, the emission lines could be
emitted by the outer skins of the clouds photoionised by the
AGN, with the masses/volumes of the skins much smaller
than the masses/volumes of the cloud fragments as a whole.

Thus, in order to understand what is the situation we will need to
image the exact location of the full H I outflow, something that
at the moment is not available.

4.3. Impact of the outflow

It is important to examine whether the outflows have a signif-
icant impact on the ISM of the host galaxy of IC 5063. Given
that the H I outflow appears to be the dominant one, in terms of
mass outflow rate, we will perform the calculations using the pa-
rameters found for the neutral hydrogen. The kinetic power asso-
ciated with the neutral outflow is of the order of 7 × 1042 erg s−1.
This is derived by including the radial and the turbulent compo-
nent of the flow, the latter estimated from the width of the line
(see Holt et al. 2006, for more details). To investigate whether
the characteristics of the observed outflows are interesting in the
context of the feedback model (Fabian 1999; di Matteo et al.
2005), we can use the values derived from Nicastro et al. (2003)
for the black-hole mass and accretion rate of IC 5063. With a
black-hole mass of 2.8 × 108 M⊙, the Eddington luminosity of
IC 5063 is 3.8 × 1046 erg s−1, this means that the kinetic power of
the outflow represents about few ×10−4 of the available accretion
power. This result is similar to that found for PKS 1549−79 (Holt
et al. 2006). However, unlike PKS 1549−79, which accretes at
a high Eddington rate, Nicastro et al. (2003) found that IC 5063
accretes at a low rate (ṁ ∼ 0.02, defined as the ratio between

Morganti et al. 2007

IC 5063

high v [O III]

H I

J. Fischer et al.: Herschel PACS far-infrared spectroscopy of Mrk 231

Fig. 2. Line-to-FIR ratio in Mrk 231 divided by the median line-to-FIR
ratio in a sample of HII galaxies (black symbols) and AGN (red sym-
bols) versus wavelength (top) and ionization potential (bottom). The
mid-infrared line fluxes in Mrk 231 are from Armus et al. (2007). The
error bars include the Mrk 231 calibration uncertainties and the statisti-
cal errors for the comparison sample values.

observed in these lines are in all cases larger than the instrumen-
tal resolution and we do not detect self-absorption. The average
of the derived intrinsic FWHMs for the fine-structure lines is
235 km s−1, similar to the FWHM velocity widths of 167 km s−1

and 270 km s−1 measured by Sanders et al. (1991) and Tacconi
et al. (2002) from CO(1–0) and near-infrared stellar CO band-
head studies, respectively. Thus the fine-structure line emission
is probably associated with the central star forming disk. In the
[CII] line, wings not characteristic of the instrumental profile
are present, out to −1000 km s−1 for the blue wing, suggest-
ing that some C+ is associated with the outflow discussed in the
next subsection. The [NII]205 profile also suggests a wing out to
−700 km s−1, consistent with the detection of optical [NII] lines
by Rupke et al. (2005). We estimate that the absorption by HF or
H2O observed in the blue wing of the [NII] 122 µm line does not
affect the [NII] line flux by more than 50%, since the FWHM
of this transition is similar to those of the other fine-structure
lines. The observed [NII]205 to [NII]122 ratio of 0.6±0.4 trans-
lates into a density range for N+ of log ne = 1.4+0.8

−0.4 (Rubin et al.
1994). Photodissociation region (PDR) modeling of [CII], [OI],
and FIR fluxes yields UV radiation field and density G0 ≈ 6×103

and n ≈ 500 cm−3, at the extreme range of average radiation den-
sity per particle density seen in extragalactic nuclei (Sturm et al.
2010, Fig. 4).

The fine-structure line strengths relative to the far-infrared
luminosities are weak compared with normal HII galaxies and
AGN. In Fig. 2, we plot as a function of wavelength (top)
and ionization potential (bottom) the fine-structure line to far-
infrared flux ratio (FIR, 42–122 µm) in Mrk 231 relative to the
median value for subsamples of HII galaxies (black symbols)
and AGN (red symbols) with luminosities 1 × 109 L⊙ ≤ LIR ≤
5 × 1011 L⊙ and major isophotal diameters D25 ≤ 250 arcsecs
compiled from the literature and our SHINING sample (Graciá-
Carpio et al., in prep.). There are no [NII] 205 µm line measure-
ments for the comparison samples, so this line is not included
in Fig. 2. The observed deficits are severe: typically an order of
magnitude for the neutral and low ionization species and up to
two orders of magnitude for the higher ionization lines. There
is no correlation between the deficit and wavelength, and only
weak correlation with critical density, so differential extinction
(with wavelength) does not appear to play a significant role, and
density does not play a major role. We find a strong inverse

Fig. 3. P-Cygni profiles (solid blue, black histograms) of the OH 119 µm
and 18OH 120 µm partially resolved doublets (top) and the OH 79 µm
unresolved doublet (bottom) in Mrk 231 are compared with our mod-
eled profiles (solid red curves, see text). Absorption in the H2O 423–312
transition with a possible blue-shifted wing is modeled in GA10. The
zero velocity rest-frame wavelengths are marked with black (OH), blue
(18OH), and magenta (H2O) arrows and the instrumental FWHM is in-
dicated in each panel with horizontal red bars.

correlation (correlation coefficient, −0.78) with ionization po-
tential when compared with the AGN sample. A similar inverse
correlation is found with the starburst comparison sample only
if the [NeIII]15 deficit is treated as an outlier. Low excitation
is consistent with the estimation by Davies et al. (2007) that a
120–250 Myr starburst supplies 25–40% of the bolometric lumi-
nosity of Mrk 231. However such an aging starburst can create
a deficit of 40% at most. The high relative strength of the [OI]
145 µm line, with its high excitation lower level, is suggestive of
increased radiation density per particle density, as parameterized
by the ionization parameter U (Luhman et al. 2003; Abel et al.
2009). The high ratio [OI] 145/[CII] 158 ≈ 1/11 lies between
the predicted line ratio for starburst and AGN at the far-infrared
F(60)/F(100) color of Mrk 231 with U ≈ 10−2 (high U) in the
dust-bounded models of Abel et al. (2009). The strong inverse
correlation relative to the AGN comparison sample in Fig. 2 is
consistent with partial covering, higher for high ionization lines,
of the line emitting region, due for example to a face-on molec-
ular torus, with optically thick clumps.

3.2. The molecular outflow

Figure 3 displays the observed 119–120 µm OH/18OH and
79 µm H2O/OH line profiles in Mrk 231. The OH lines show
spectacular P-Cygni profiles in all three ground-state doublets,
with extremely broad blue-shifted absorption as far out as
1400 km s−1 in the OH 119 µm line. Both the high molecu-
lar outflow velocities and the relative strengths of the OH and
18OH are unprecedented. The excited H2O 78.7 µm and HF/H2O
121.7 µm lines (see Fig. 1) appear to have blue-shifted wings, in-
dicating that H2O and HF may also be involved in the outflow.
Recently a molecular outflow was detected by Sakamoto et al.
(2005) in submillimeter lines of HCO+ and CO toward the nuclei
of Arp220 with an outflow velocity of ∼100 km s−1, but this is
modest compared with that of Mrk 231.

Our model of the observed profiles is shown in Fig. 3 and
is based on the continuum components and radiative pumping

Page 3 of 4

Fischer et al. 2010; Sturm et al. 2011

Herschel observations of nearby 
ULIRGs show P-Cygni profiles in 
OH, a sign of outflow

Mrk 231



AGN outflows: molecular gas

Mrk 231 was the first AGN-driven molecular outflow discovered 
in CO(1-0), and later in dense gas

A&A 518, L155 (2010)

Morganti et al. (2010) reported evidence for AGN-induced mas-
sive and fast outflows of neutral H in powerful radio galaxies,
possibly driven by the AGN jets.

The bulk of the gas in QSO hosts, i.e. the molecular phase,
appears little affected by the presence of the AGN. Indeed, most
studies of the molecular gas in the host galaxies of QSOs and
Seyfert galaxies have found narrow CO lines (with a width
of a few 100 km s−1), generally tracing regular rotation pat-
terns, with no clear evidence for prominent molecular out-
flows (Downes & Solomon 1998; Wilson et al. 2008; Scoville
et al. 2003), even in the most powerful quasars at high redshift
(Solomon & Vanden Bout 2005; Omont 2007). Yet, most of the
past CO observations were obtained with relatively narrow band-
widths, which may have prevented the detection of broad wings
of the CO lines possibly associated with molecular outflows.
Even worse, many CO surveys were performed with single dish,
where broad CO wings may have been confused with baseline
instabilities and subtracted away along with the continuum.

We present new CO(1–0) observations of Mrk 231 obtained
with the IRAM Plateau de Bure Interferometer (PdBI). Mrk 231
is the nearest example of a quasar object and is the most lu-
minous Ultra-Luminous Infrared Galaxy (ULIRG) in the local
Universe (Sanders et al. 1988) with an infrared luminosity of
3.6 × 1012 L⊙ (assuming a distance of 186 Mpc). A significant
fraction (∼70%) of its bolometric luminosity is ascribed to star-
burst activity (Lonsdale et al. 2003). Radio, millimeter, and near-
IR observations suggest that the starbursting disk is nearly face-
on (Downes & Solomon 1998; Carilli et al. 1998; Taylor et al.
1999). In particular, past CO(1−0) and (2−1) IRAM PdBI ob-
servations of Mrk 231 show evidence for a regular rotation pat-
tern and a relatively narrow profile (Downes & Solomon 1998),
as well as a molecular disk (Carilli et al. 1998). The existence
of a quasar-like nucleus in Mrk 231 has been unambiguously
demonstrated by observations carried out at different wave-
lengths, which have revealed the presence of a central compact
radio core plus pc-scale jets (Ulvestad et al. 1999), broad optical
emission lines (Lipari et al. 2009) in the nuclear spectrum, and a
hard X-ray (2−10 keV) luminosity of 1044 erg s−1 (Braito et al.
2004). In addition, both optical and X-ray data have revealed that
our line of sight to the active nucleus is heavily obscured, with
a measured hydrogen column as high as NH = 2 × 1024 cm−2

(Braito et al. 2004). The quasar Mrk 231 displays clear evidence
of powerful ionized outflows by the multiple broad absorption
lines (BAL) systems seen all over its UV and optical spectrum.
In particular, Mrk 231 is classified as a low-ionization BAL
QSOs, a very rare subclass (∼10% of the entire population) of
BAL QSOs characterized by weak [OIII] emission, in which the
covering factor of the absorbing outflowing material may be near
unity (Boroson & Meyers 1992). Furthermore, giant bubbles and
expanding shells on kpc-scale are visible in deep HST imag-
ing (Lipari et al. 2009). Recent observations with the Herschel
Space Observatory have revealed a molecular component of the
outflow, as traced by H2O and OH molecular absorption features
(Fischer et al. 2010), but the lack of spatial information has pre-
vented an assessment of the outflow rate.

2. Data

We exploited the wide bandwidth offered by the PdBI to observe
the CO(1−0) transition in Mrk 231. The observations were car-
ried out between June and November 2009 with the PdBI, using
five of the 15 m antennas of the array. We observed the CO(1−0)
rotational transition, whose rest frequency of 115.271 GHz is
redshifted to 110.607 GHz (z = 0.04217), by using using both
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Fig. 1. Continuum-subtracted spectrum of the CO(1−0) transition in
Mrk 231. The spectrum was extracted from a region twice the beam size
(full width at half maximum, FWHM), and the level of the underlying
continuum emission was estimated from the region with v > 800 km s−1

and v < −800 km s−1. Left panel: full flux scale. Right panel: expanded
flux scale to highlight the broad wings. The line profile has been fitted
with a Gaussian narrow core (black dotted line) and a Gaussian broad
component (long-dashed line). The FWHM of the core component is
180 km s−1 while the FWHM of the broad component is 870 km s−1,
and reaches a Full Width Zero Intensity (FWZI) of 1500 km s−1.

the C and D antenna configurations. The spectral correlator was
configured to cover a bandwidth of about 1 GHz in dual po-
larization. The on-source integration time was ∼20 h. The data
were reduced, calibrated channel by channel, and analyzed by
using the CLIC and MAPPING packages of the GILDAS soft-
ware. The absolute flux was calibrated on MWC 349 (S (3 mm)=
1.27 Jy) and 1150+497 (S (3 mm) = 0.50 Jy). The absolute
flux calibration error is of the order ±10%. All maps and spec-
tra are continuum-subtracted, the continuum emission is esti-
mated in the spectral regions with velocity v > 800 km s−1 and
v < −800 km s−1.

3. Results

Figure 1 shows the spectrum of the CO(1−0) emission line,
dominated by a narrow component (FWHM ∼ 200 km s−1),
which was already detected in previous observations (Downes
& Solomon 1998; Bryant & Scoville 1997). However, our new
data reveal for the first time the presence of broad wings ex-
tending to about ±750 km s−1, which have been missed, or pos-
sibly confused with the underlying continuum, in previous nar-
rower bandwidth observations. Both the blue and red CO(1−0)
wings appear spatially resolved, as illustrated in their maps
(Fig. 2). The peak of the blue wing emission is not offset
with regard to the peak of the red wing, indicating that these
wings are not caused by to the rotation of an inclined disk,
which leaves outflowing molecular gas as the only viable ex-
planation. A Gaussian fit of the spatial profile of the blue and
red wings (by also accounting for the beam broadening) indi-
cates that the out-flowing medium extends over a region of about
0.6 kpc (0.7′′) in radius. To quantify the significance of the spa-
tial extension of the high-velocity outflowing gas, we fitted the
visibilities in the uv-plane. We averaged the visibilities of the
red and blue wings in the velocity ranges 500 ÷ 800 km s−1 and
−500 ÷ −700 km s−1, and we fitted a point source, a circular
Gaussian, and an inclined disk model. The results of the uv-
plane fitting are shown in Fig. 3 and summarized in Table 1. The
upper panels of Fig. 3 show the maps of the residuals after fit-
ting a point-source model. The residuals of the red wing are 5σ
above the average rms of the map and those of the blue wing 3σ
above the rms. The lower panels of Fig. 3 show the CO(1−0)
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minor constituent to the depletion of the central molecular gas,
and requiring a Hubble time to completely remove the
molecular gas from the system.

Without a constant driving mechanism, the majority of the
molecular outflow will eventually fall back into the center,
either to be accreted, formed into stars, or re-launched. One
would expect that this gas would fall back and re-inject energy
into the central molecular disk, possibly acting to inhibit star
formation (Alatalo et al. 2015; Guillard et al. 2015) and
therefore extend the molecular gas consumption timescale. An
extension of the depletion timescale expected for Mrk 231 from
∼20Myr (the typical lifetime for O-stars) to ∼50Myr, appears
more consistent with the poststarburst population found in
Mrk 231 (Canalizo & Stockton 2000), and common in other
quasars (Cales et al. 2011; Canalizo & Stockton 2013), as well
as other hosts of molecular outflows (such as NGC 1266;
Alatalo et al. 2011, 2014).

The rapidity at which Mrk 231 is currently expelling its
molecular material compared with weaker AGNs might be due
to the different circumstances that created this system and
outflow. A major merger occurred in a system already
sufficiently massive to host a massive black hole, which is
thus energetically capable of driving the bulk of the molecular
gas from the system. Sub-vesc gas would be able to fall back
into the system and inject turbulence, in effect temporarily
stalling efficient star formation and possibly extending the
depletion time just slightly. This would account for the
mismatch in depletion timescales between ∼30Myr (the
depletion timescale should all outflowing gas escape and with
the current star formation rate) and ∼50Myr (the stellar
population age seen in Mrk 231; Canalizo & Stockton 2000).

Deeper observations of the molecular outflow in Mrk 231,
focusing on spatial resolution on at different distances away
from the AGN will be able to determine what fraction of the
molecular gas is escaping the gravitational potential, and
provide a more complete understanding of the driving
mechanism as well as the energy injection rate. Low frequency
imaging could pinpoint the location of fossil shells (Schoen-
makers et al. 2000), as Mrk 231 has already been detected at
low frequency (Cohen et al. 2007). Combining these observa-
tions with the multiwavelength suite available for Mrk 231 will
provide additional constraints, such as whether the molecular
outflow changes phase as it accelerated, and whether there is
any evidence that gas ultimately falls back into the molecular
disk of Mrk 231.

4. CONCLUSIONS

We have presented 3 mm continuum and CO(1–0) and CS
(2–1) high resolution molecular gas maps of Mrk 231 from
CARMA. The CS(2–1) data paint a picture of the dense
molecular gas in Mrk 231 that is consistent with other dense
gas tracers (Aalto et al. 2012a). CS(2–1) predicts a dense gas
mass (of = ´ :M M1.8 0.3 10dense

10 ) and an LOS column
toward the AGN of »N (H ) 102

24 cm−2, inconsistent with the
X-ray derived column (Teng et al. 2014), possibly indicative of
a clumpy ISM and the AGN-driven winds punching a
preferential LOS to the AGN. If we use the dense gas to
derive the star formation efficiency, we find that Mrk 231 is
consistent with the prediction of the Kennicutt–Schmidt
relation.
CARMA was able to resolve the individual CO(1–0) broad

line wings, with an inferred separation between the wings to be

Figure 2. (Left) B-band archival image of Mrk 231 from HST (grayscale; Kim et al. 2013) is overlaid with the integrated CARMA maps of the blueshifted
(- < < -v800 400 km s−1; blue) and redshifted ( < <v400 800 km s−1; red) wings. Contours for the red lobe is [3, 4, 5, 6, 7]σ and [3, 4, 5, 6, 7, 8]σ for the blue
lobe, where σ is the root mean square noise of the map. The blue and red crosses represent the centroids on the blue- and redshifted wings, respectively. The white
cross represents the position of the centroid of the 3 mm continuum point source. Separation between the lobes is»0. 49, a well-resolved distance, where the size of
the red and blue crosses represent the centroiding errors for each wing. The separation is detected to 5.8 times the centroiding error. It is of note that the CO(1–0)
wings velocity range almost entirely exceeds the escape velocity out of the central kiloparsec of Mrk 231. (Right) Integrated CO(1–0) spectrum of Mrk 231 using
emission exceeding a signal-to-noise ratio of three in red- and blueshifted wing images to create the extraction apertures. This seems to indicate that CARMA has
successfully detected emission in the red- and blueshifted wings.
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S. Aalto et al.: Detection of HCN, HCO+, and HNC in the Mrk 231 molecular outflow

Fig. 1. Plateau de Bure spectra of HCN, HCO+, HNC 1–0 and HC3N 10–9. In the right panels we have zoomed-in on the base of the line to show
the line wings more clearly. In general, red solid lines show Gaussian fits to the line center (core) line widths and are 197 km s−1 for HC3N and
HNC, 213 km s−1 for HCO+ and 236 km s−1 for HCN. However, in the top right panel of HCN 1–0 we instead show two Gaussian fits (one with
δV(FWHM) = 180 km s−1 and one with δV(FWHM) = 870 km s−1), as discussed in Sect. 3.1. Zero velocity was set for redshift z = 0.042170.

by the peak position of the integrated HCN 1–0 emission (see
Fig. 3). Given the positional uncertainties, we may conclude that
the wings have their peak brightness within 0.5 kpc of the nu-
cleus. Furthermore, a faint blue-shifted wing feature can be seen
tentatively 2′′ to the west of the nucleus (a similar feature is seen
around the systemic velocity). Faint red-shifted wing emission
is curving out 2′′ northeast of the center. These features should
be confirmed at higher sensitivity.

3.2. HCO+, HNC, and HC3N

In the HCO+ and HNC spectra (see Fig. 1 and Table 1) the
wings can also be seen – although they are weaker than for HCN.
The peak (V = 0 km s−1) line intensity ratio between HCN and
HCO+ is 1.3, while the ratio in the wings (summed from +200 to
+700 km s−1 and from –200 to –700 km s−1) is≈2.2. For compar-
ison, the integrated line ratio is reported to be ≈1.8 in the single-
dish survey of Costagliola et al. (2011). The peak HCN/HNC
line intensity ratio is 1.8 and the line wing ratio is ≈2.8. For
comparison, the integrated line HCN/HNC ratio is ≈2.6 in the
single-dish survey of Costagliola et al. (2011). The rotation of
the main disk is evident for both HCO+ and HNC (see Fig. 7).

The line center integrated intensity maps of HCO+ and HNC are
presented in Fig. 6.

Emission from the HC3N molecule is found for the first time
in Mrk 231 through the detection of the HC3N J = 10–9 line
(see Fig. 6). Its line width is similar (≈197 km s−1) to that of the
HNC line center. The HCN 1–0/HC3N 10–9 peak line ratio is
7.7 (in the Costagliola et al. (2011) single-dish survey a lower
limit of 14 is found). The HC3N 10–9 emission is unresolved in
the 1.′′55 × 1.′′28 beam.

4. Discussion

4.1. The extent of the HCN line wings

We confirm the result of Feruglio et al. (2010) that the line
wings are emerging from a spatially extended structure. This
supports the notion that they originate in an extended outflow
– rather than representing the extremes of a Keplerian nuclear
disk. (The notion of extended Keplerian rotation fails on the ex-
treme required enclosed mass.) A two-dimensional Gaussian fit
to the integrated intensity map of the red-shifted wing results in a
full-width-at-half-maximum (FWHM) size of 0.′′85 ± 0.′′2 (1′′ =
870 pc). The corresponding map for the blue-shifted wing has

A44, page 3 of 8

Aalto et al. 2012a



More outflows discovered since Mrk 231…The Astrophysical Journal, 735:88 (12pp), 2011 July 10 Alatalo et al.
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Figure 9. Top: CO(2–1) spectrum from the IRAM 30 m telescope, indicating
the velocity ranges used. Bottom: CO core and wings in NGC 1266, overlaid
on a gray scale Hα narrowband image from SINGS. Superimposed contours
are from the CARMA CO(1–0) integrated intensity map (yellow) and the
SMA CO(2–1) redshifted (red) and blueshifted (blue) wings. Contours are
3, 4, 5, and 6 Jy beam−1 km s−1 for the red and blue components (rms =
1 Jy beam−1 km s−1) and 6.4, 8.6, 10.8, 13.0, 15.2, and 17.4 Jy beam−1 km s−1

for the yellow component (rms = 1.1 Jy beam−1 km s−1).
(A color version of this figure is available in the online journal.)

not aligned with the kinematic major axis of the nuclear gas
disk. This suggests that the broad wing emission is composed
of gas that is being expelled and is not an extension of the
nuclear material. If we estimate the inclination of the outflow
(with respect to the plane of the sky) using the average offset
of the centroids with respect to the nucleus (2.′′3) divided by the
average extent of the lobes (3.′′2) calculated above, we obtain an
inclination angle of roughly 20◦.

The mass of outflowing gas is somewhat uncertain because
the wings are unambiguously detected only in 12CO (Figure 1),
requiring that the density, optical depth, and temperature of the
outflow be determined from the excitation of the three lowest CO
rotational transitions. We use the beam-corrected (normalized
to the single-dish CO(1–0) beam of 21.′′6) intensities of the
wing emission from the CO(1–0) and (2–1) IRAM 30 m single-
dish spectra and the CO(3–2) SMA spectrum (see Table 1).

The beam-corrected values are 11.93 K km s−1 for CO(1–0),
9.16 K km s−1 for CO(2–1), and 7.16 K km s−1 for CO(3–2).

We use the RADEX large velocity gradient software (van der
Tak et al. 2007) to determine volume densities and column
densities in the wind. With RADEX, assuming a line width
vfwhm = 353 km s−1, we find that the conditions required to
reproduce the beam-corrected flux ratios above are an H2 density
n(H2) ≈ 103 cm−3, a kinetic temperature Tkin ≈ 100 K, and a
CO column density N (CO) ≈ 1.0×1016 cm−2. The N(CO) was
also constrained using on the optically thin estimate of Knapp &
Jura (1976) assuming subthermally excited CO, and the result is
consistent with that from RADEX. Assuming a CO/H2 abundance
ratio of 10−4, the derived N(CO) and our adopted beam size of
21.′′6 imply a molecular outflow mass of 2.4×107 M⊙, including
He. It is however possible that the outflowing molecular mass
is higher. The optically thin approximation (i.e., that we are
seeing all CO molecules) provides us with a lower limit to the
total outflowing molecular mass. If the state of the molecular
gas in the outflow of NGC 1266 is more akin to gas in either
ultra-luminous infrared galaxies (ULIRGs) or giant molecular
clouds (GMCs) in the Milky Way, where a conversion factor
(XCO) is used, the total outflowing mass could be a factor of
≈10–20 higher.

3.5. Additional Data

While no H i emission is detected in NGC 1266, H i appears
in absorption against the 1.4 GHz continuum source. The H i
observations have thus far only been taken at low resolution,
so are presently unresolved. The top panel of Figure 10 shows
the H i absorption profile, which exhibits a broad blueshifted
velocity component, and the fitted Gaussians describing the
absorption profile. The bottom panel of Figure 10 shows a good
correspondence between the blueshifted absorption feature in
the H i and the high-velocity wing of the CO(2–1) emission line
profile. This identifies the blueshifted molecular gas as moving
out (as opposed to infalling from behind) and implies that the
outflow in NGC 1266 has multiple phases.

Calculating the column density from the absorption feature,
assuming Tspin = 100 K, reveals that the H i column in front
of the continuum source is NH = 2.1 × 1021 cm−2, with the
outflowing component contributing 8.9 × 1020 cm−2 and the
systemic component contributing 1.2×1021 cm−2. If we assume
that the H i and CO are cospatial (RHI = Routflow = 460 pc) and
that the total mass of outflowing H i is twice what we calculate
(since we are only able to detect the blueshifted lobe), we derive
the total H i mass in the outflow to be 4.8 × 106 M⊙ per lobe,
totaling 9.5 × 106 M⊙. If we include the H i contribution, the
total neutral gas mass (H i + H2 + He) of the outflow is thus
3.3 × 107 M⊙.

The molecular gas (as traced by CO) and atomic gas are
likely not the only constituents of the mass in the outflow. By
not accounting for other states of the gas, we are underestimating
the true outflow mass. For example, Roussel et al. (2007)
detect a large reservoir of warm H2 in NGC 1266 using
Spitzer, with a total mass of MH2,warm ≈ 1.3 × 107 M⊙. It is
very likely that this mass of warm H2 belongs to the outflow
rather than the nuclear disk. The total warm H2 luminosity is
LH2,warm ≈ 1×1041 erg s−1. For the nuclear region to sustain this
luminosity of warm H2, the active galactic nucleus (AGN) would
be required to have a bolometric luminosity of !2×1044 erg s−1,
assuming first that LX,AGN ! 100LH2,warm, Ogle et al. 2010; and
Lbol,AGN ! 16 LX, Ho 2008), a factor of three larger than LFIR
(7 × 1043 erg s−1; Gil de Paz et al. 2007). If this warm H2 is
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Table 1. 12CO 2–1 flux densities and molecular masses.

Positiona (J2000) α: 03:36:39.076 (±0.′′2)
δ: –20:54:07.01 (±0.′′1)

Peak flux densityb 270 ± 16 (mJy beam−1)
Fluxc

(central beam) 20 ± 0.05 (Jy km s−1)
(whole map) 169 ± 0.5 (Jy km s−1)

Molecular massd

(central beam) 1.7 × 107 M⊙
(whole map) 1.5 × 108 M⊙

Notes. The high-resolution 12CO 2−1 data. Listed errors are 1σ rms.
(a) The position of the 12CO 2−1 integrated intensity. The peak TB
is at α: 03:36:39.073 δ: –20:54:07.08 at Vc = 1734 km s−1.
(b) The Jy to K conversion in the 0.′′65 × 0.52′′ beam is 1 K =
14.5 mJy. (c) A two-dimensional Gaussian was fitted to the inte-
grated intensity image. (d) The 12CO luminosity L(12CO) = 18.5 ×
D2 × (θ)2 × I(12CO) K km s−1 pc2 (where D is in Mpc, θ in ′′ and
I(12CO) in K km s−1) and M(H2) = 3.47L(12CO) for N(H2)/I(12CO) =
2.5 × 1020 cm−2). The conversion factor has been calibrated
for 12CO 1−0 emission – thus, if the 12CO is subthermally excited,
the H2 mass estimated from the 2−1 line should be corrected up-
ward. From our IRAM 12CO 2−1 and 1−0 data we estimate that the
2−1/1−0 line ratio to 0.7 – and hence we corrected masses upward
by 30%.

Fig. 3. Spectra of top panel: 12CO 2−1, middle panel: 13CO 2−1 and
lower panel: C18O 2−1. All three spectra are taken at position α =
03:36:39.07 δ − 20:54:07.00 in the low-resolution data. 13CO is clearly
detected and a factor of 9−10 fainter than 12CO. C18O is not detected
and the 12CO/C18O 2−1 peak line intensity ratio is >50. The fits to
the 12CO and 13CO spectra are discussed in Sect. 3.1.3.

line intensity ratio is >50. The integrated intensity and veloc-
ity field maps are presented in Fig. 5. The peak of the 13CO
integrated emission is offset by 0.′′9 (90 pc) to the southeast
from the peak of the integrated 12CO emission. Furthermore,
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the 13CO velocity field appears more consistent with that of the
high-resolution 12CO data.

2.3. Continuum emission

We detect (4σ) weak 225 GHz continuum in NGC 1377
of 2.4 (±0.45) mJy beam−1 in the compact array at the position
of the 12CO 2−1 line emission. The source is unresolved in the
4.′′88 × 2.′′93 beam.
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Table 3. CO(3–2) line fluxes, after primary beam correction.

Line S CO Vhel ∆Va Peak flux
Jy km s−1 km s−1 km s−1 Jy

Total 234 ± 1 1073.1 ± 0.3 85.3 ± 0.7 2.58
C1 103 ± 2 1040.0 ± 0.4 46. ± 1 2.1
C2 105 ± 4 1089.1 ± 0.2 30. ± 1 3.3
C3 26 ± 3 1123.0 ± 4.0 59. ± 5 0.4
Blueb 6.0 ± 0.1 1018.7 ± 0.6 61. ± 1 0.09
Redb 10.1 ± 0.1 1138.2 ± 0.3 56. ± 0.7 0.17

Notes. Total = Gaussian fit, assuming only one component, C1/C1/C3
represent three velocity-component decomposition. (a) Full Width at
Half Maximum (FWHM). (b) Fits for the blue and red components of
the outflow, summed over a region 0.′′7 × 1.′′2 each (cf Fig. 9).

Fig. 8. Total CO(3–2) spectrum, integrated over the observed map, with
a FOV of 18′′, after correction for primary beam attenuation. The ver-
tical scale is in Jy. The green line is the result of the Gaussian fit with
three velocity components; see Table 3.

Finally, the high-velocity red component is best located in
the map through the individual spectra of Fig. 9, where all spec-
tra are shown within a radius of 2.′′5. Although in principle, this
high-velocity gas could be inflowing as well as outflowing, we
consider inflow to be unlikely. Indeed, there is no other signature
of violent perturbation due to a companion nearby, and if gas
were slowly accreted to fuel the AGN, it would first have settled
into the rotational frame at much larger radii than the last 100 pc.

To better estimate the quantity of gas in the outflow, we have
summed the CO flux within two regions of sizes 0.′′7 × 1.′′2, cen-
tred on the red and blue outflow regions, taking into account
the primary beam correction (cf Fig. 9). The results are given
in Table 3. Assuming the standard CO-to-H2 conversion fac-
tor (see next section), we derive molecular masses of 1.3 × 106

and 2.3 × 106 M⊙ for the blue and red velocity components,
respectively.

Is the outflow also detected in the ionized gas? There is
no outflow detected in X-rays, but there is not enough spatial
resolution to see it anyway. In Hα maps and spectroscopy, it is
hard to reach a conclusion, even from the best velocity field ob-
tained from Fabry-Perot interferometry by Buta (1986). In his

Fig. 8, we can see a quite perturbed velocity field inside the cen-
tral 20′′, which may reflect steep gradients. However, the spatial
resolution is only 2′′, while the projected distance between our
red and blue outflow peak components is roughly the same. An
outflow of ionized gas is, however, compatible with the data.
The non-detection of ionized gas outflow in galaxies showing a
molecular outflow is also found in other compact systems like
NGC 1377 (Aalto et al. 2012). A comparison with other molec-
ular outflows will be discussed in Sect. 4.

3.4. CO luminosity, H2 mass, and HCO+/HCN upper limits

Figure 8 displays the total CO(3–2) spectrum, integrated over
the entire observed map after correction for primary beam atten-
uation. When integrated over the line (FWHM = 85.3 km s−1),
the integrated emission is 234 ± 1 Jy km s−1. Towards the cen-
tral position, Bajaja et al. (1995) found a CO(1–0) spectrum
peaking at T ∗A = 48 mK, with FWHM = 168 km s−1, yield-
ing a total integrated flux of 193 Jy km s−1, in a beam of 43′′.
Unfortunately, no CO(2–1) spectra have been reported. We can,
however, remark that the CO(1–0) flux corresponds to a larger
region than the one observed here (as witnessed by the broader
linewidth), and our CO(3–2) flux is an upper limit of the ex-
pected CO(1–0) flux in a 18′′ beam, since at low J the flux in-
creases with the J level. We can therefore safely conclude that
the CO(3–2)/CO(1–0) ratio must be significantly larger than 2 in
flux density units: the CO gas is relatively excited, meaning that
the average density is at least of the order of 104 cm−3. Assuming
a CO(3–2)/CO(1–0) flux ratio of ∼5, similar to that observed
in the star-forming nuclei of nearby galaxies (e.g. Matsushita
et al. 2004; Boone et al. 2011), the CO detected inside our pri-
mary beam, at the distance of 9.9 Mpc, corresponds to a molec-
ular mass M(H2) = 5.2 × 107 M⊙, with the standard CO-to-H2
conversion factor of 2.3 × 1020 cm−2/(K km s−1). By compari-
son, Bajaja et al. (1995) find in their central 43′′ beam a mass
of 1.8 × 108 M⊙, covering an area 5.7 times larger.

As far as the CO outflow is concerned, the use of any
CO-to-H2 conversion factor is uncertain. We then try to get a
strict minimum of the mass in using the hypothesis of optically
thin emission. Within this hypothesis, we can write the column
density of CO in the upper state of the (3–2) transition as:

NJ = 3 = 6.4 × 1013ICO(3−2),

where ICO(3−2) is the integrated (3–2) emission in K km s−1. The
total CO column density is then obtained, using the ratio

NJ = 3/NCO =
5
Q

exp(−EJ = 3/kTex),

where EJ=3 is the energy in the upper level of the (3–2) tran-
sition, Q the partition function =0.36 Tex, and Tex the ex-
citation temperature assumed constant over all J levels. The
N(H2) column density is then derived, assuming a CO abun-
dance of 6 × 10−5 (e.g. Glover & Mac Low 2011). Comparing
the N(H2) values obtained within the optically thick hypothesis,
and the use of the standard conversion factor, we found column
densities lower by factors of 27, 71, and 83 when Tex = 10,
20, and 30 K, respectively. Over the red outflow region that
is as large as 3–4 beams, we found N(H2) ∼ 5 × 1022 cm−2,
while the optically thin hypothesis will lead to values as low
as 6 × 1020 cm−2. We estimate that values this low are not re-
alistic, however, since the mean volumetric density over the re-
gion will be ∼1 cm−3, and not 100 cm−3, the minimum required
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Fig. 10. a) Overlay of CO(3–2) isovelocity contours that span the range (–180 km s�1, 180 km s�1) in steps of 30 km s�1 on a false-color velocity
map (linear color scale as shown). Velocities refer to vsys(HEL) = 1127 km s�1. b) Same as a) but zooming in on the CND region with a 20 km s�1 –
velocity spacing. c) Same as b) but derived from the CO(6–5) data. d) Overlay of the CO(3–2) line widths (FWHM) shown in contours (10, 30,
50 to 200 km s�1 in steps of 30 km s�1) on a false-color width map (logarithmic color scale as shown). e) Same as d) but zooming in on the
CND region. f) Same as e) but derived from the CO(6–5) data.

mode superposed onto rotation, spatially extends over most of
the CND.

We analyze below the evidence supporting the existence of a
massive molecular outflow in NGC 1068 based on the modeling
of the velocity field derived from the CO(3–2) data (Sect. 6.1).
We examine in Sect. 6.2 that the evidence for an outflow is
also found in the molecular gas traced at higher densities by
CO(6–5), HCN(4–3), and HCO+(4–3). The possible powering
sources of the molecular outflow are discussed in Sect. 6.3. We
explore in Sect. 6.4 if other alternative scenarios can explain the
observed kinematics. Section 6.5 compares the properties de-
rived for the molecular outflow detected by ALMA with those
derived from previous studies of NGC 1068.

6.1. The CO(3–2) molecular outflow

6.1.1. Fourier decomposition of the velocity field

The general description of the two-dimensional line-of-sight ve-
locity field of a galaxy disk can be expressed as

vlos(x, y) = vsys + v✓(x, y) cos sin i + vR(x, y) sin sin i, (1)

where (vR, v✓) is the velocity in polar coordinates,  is the phase
angle measured in the galaxy plane from the receding side of
the line of nodes, and i is the inclination angle restricted to the
range 0 < i < ⇡/2. With this convention v✓ > 0 always, while
vR > 0 (vR < 0) indicates outflow (inflow) for counterclockwise
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Figure 10. CO(3–2) channel maps of high-velocity emission at 1.′′1 (a; upper row) and 0.′′5 (b; lower row) resolutions. Red and blue contours (gray and black in
the printed journal) in each panel are respectively for a channel redshifted or blueshifted by the amount indicated in the top-right corner from the fiducial velocity
2775 km s−1. In (a) [(b)], each channel is 104 [61] km s−1 wide and contours are at ±4 × 1.8nσ (n = 0, 1, 2, 3, · · ·) [±4nσ (n = 1, 2, 3, · · ·)], where the rms noise
is σ = 5.6 [38] mK. Negative contours are dashed. The background grayscale image is 0.86 mm continuum emission at the same resolution. The peak continuum
intensity is 108 [237] mK. These data are not corrected for the mosaicked primary-beam response, whose FWHM size is about 24′′. The two plus signs in each panel
show the locations of the two radio nuclei. The leftmost panel in each row has a scale bar and an ellipse showing the FWHM size of the observing beam.
(A color version of this figure is available in the online journal.)
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(b)    CO(1−0)

Figure 11. CO(1–0) maps of high-velocity emission at different spatial resolutions. Red and blue contours (gray and black in the printed journal) are intensities
integrated over 528 km s−1 at, respectively, redshifted and blueshifted velocity ranges indicated in the top-right corner. They are offsets from the fiducial velocity
2775 km s−1. Contours are at ±4npσ (n = 1, 2, 3, · · ·) where p = 1.2 and σ = 0.24 K km s−1 in Panel (a) and p = 1.1, σ = 0.79 K km s−1 in Panel (b). Negative
contours are dashed. The data are not corrected for the primary-beam response whose FWHM size is 53′′. The two plus signs are at the two nuclei. The ellipse at the
bottom-left corner shows the FWHM size of the synthesized beam.
(A color version of this figure is available in the online journal.)

temperatures around Vsys ± 200 km s−1 are mostly ∼1 ± 0.5
for the high-velocity emission associated with the southern nu-
cleus. Taken at face value, assuming little effect of CO(3–2)
missing flux to this ratio because the high-velocity gas around
the southern nucleus is relatively compact, the ratio may be
due not only to optically thick emission from thermalized CO
but also to optically thin CO emission. In the latter case, the

ratio corresponds to the excitation temperature of 12 ± 3 K in
LTE. If the CO excitation is non-LTE then CO(1–0) can have
a higher excitation temperature than this LTE temperature, but
the CO(3–2) excitation temperature must be much lower than
12 K. The conversion factor for optically thin CO(1–0) emis-
sion is on the order of X20 = 0.1 in both the LTE and non-LTE
cases for a CO abundance of [CO/H2] = 10−4. The non-LTE
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Fig. 1. Continuum-subtracted IRAM-PdBI spectra, maps, and position–velocity diagram of the CO(1–0) emission line of IRAS F08572+3915.
Panels a) and b) show the spectra extracted from a circular aperture with diameter of 10 arcsec and from the central pixel (i.e. the centroid of
the integrated CO emission), respectively. For display purposes, the spectra are re-binned in channels of 107 km s−1 a) and 54 km s−1 b). In both
panels the narrow core of the line is fitted with a single Gaussian function (red dashed line). c), d) Map of the CO(1–0) emission integrated in the
blue and red wings. Contours correspond to 1σ (1σ rms level of the two maps is 0.1 mJy beam−1). The physical scale at the redshift of the source
is 1.122 kpc arcsec−1. The cross indicates the pointing and phase centre (i.e. the peak of the radio (VLBI) emission), which corresponds to the NW
nucleus of the merging pair IRAS F08572+3915. e), f) Position–velocity diagram along the major axis of the molecular disk rotation (as traced by
the narrow core of the CO(1–0) line). Inset f) highlights the rotation pattern traced by the narrow component of the CO(1–0) line. Contours are
in steps of 1σ (up to 10σ) in panel e) and 5σ in panel f); negative contours are in steps of 1σ (magenta dashed lines). Each pixel corresponds to
0.9 arcsec× 90 km s−1 in diagram e), and to 0.3 arcsec× 30 km s−1 in the inset f).

extended red-shifted emission. The fluxes measured in the blue-
and red-shifted wings of the CO(1–0) emission line are reported
in Table 2. The analysis of the uv data gives an average size
(FWHM) of 1.56± 0.33 kpc for the massive molecular outflow
in IRAS F08572+3915 (see Appendix A for the details). The ve-
locity map of the central core emission (shown in Appendix A)
shows a regular rotation pattern, with a major axis oriented east-
west, similarly to the narrow ionised gas component (Rupke &
Veilleux 2013b). The position–velocity diagram along the ro-
tation major axis is presented in panels e, f of Fig. 1. Inset f
shows the central rotation pattern, which is instead burned out
in panel e with the adopted colour cuts. The signature of the ex-
treme molecular outflow is clearly seen through the high velocity
gas (along the horizontal axis of the plot) that does not follow the
rotation curve of the galaxy.

Analysis of our PdBI CO(1–0) observations of the
Sy2-ULIRG IRAS F08572+3915 convincingly reveals the pres-
ence of a powerful and massive molecular outflow, which
extends on both sides of the galaxy up to velocities of
∼1200 km s−1 and on physical scales of ∼1 kpc, carrying a mass
of molecular gas of about 4 × 108 M⊙ and resulting in an outflow
mass-loss rate of ∼1200 M⊙ yr−1.

IRAS F10565+2448

Owing to their narrow bandwidth, the previous CO(1–0) obser-
vations of the Sy2-ULIRG IRAS F10565+2448 could not detect
the broad component superposed on the narrow core of the line.
This broad component is clearly visible in our new PdBI spec-
tra shown in Fig. 2a, b. The broad wings in this source are de-
tected up to about v = ±600 km s−1. The continuum emission
was estimated in the velocity ranges v ∈ (−3600,−1200) km s−1

and v ∈ (1200, 4000) km s−1. We stress that the choice of a dif-
ferent continuum window, with respect to IRAS F08572+3915
and to the other sources, does not introduce artificial bias on the
shape and velocity extension of the broad wings. Indeed for each
source we first inspect the appearance and shape of the broad
wings in the non-continuum-subtracted spectrum.

We note that the spectrum extracted from a circular aperture
with a diameter of 10 arcsec (Fig. 2a) and the one extracted from
the central pixel (Fig. 2b) show similar line profiles. We mea-
sure a total integrated flux of S CO,TOT = (108.0± 1.0) Jy km s−1,
which is significantly (>50%) larger than the flux recovered by
Downes & Solomon (1998) and ∼17% higher than the value
given by Chung et al. (2009; see also Papadopoulos et al.
2012b). We report in Fig. 2c, d the blue and red wing maps
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Fig. 2. Continuum-subtracted IRAM-PdBI spectra, maps, and position–velocity diagram of the CO(1–0) emission line of IRAS F10565+2448.
Panels a) and b) show the spectra extracted from a circular aperture with a diameter of 10 arcsec and from the central pixel, respectively. For
display purposes, the spectra are re-binned in channels of 27 km s−1. In both panels the narrow core of the line is fitted with a single Gaussian
function (red dashed line). Note the appearance, in both spectra, of broad CO wings up to ±600 km s−1. c), d) Cleaned map of the emission
integrated in the blue- and red-shifted CO(1–0) wings. Contours correspond to 1σ (1σ rms level of the two maps is 0.2 mJy beam−1). The cross
indicates the peak of the radio (VLBI) emission. The physical scale at the redshift of the source is 0.846 kpc arcsec−1. e), f) Position–velocity
diagram along the major axis of rotation. Inset f) highlights the rotation pattern traced by the narrow component of the CO(1–0) line. Contours are
in steps of 1σ (up to 10σ) in panel e), and 5σ in panel f) (starting from 10σ in panel f)); negative contours are in steps of 1σ (magenta dashed
lines). Each pixel corresponds to 1.3 arcsec× 53 km s−1 in diagram e), and to 0.6 arcsec× 26 km s−1 in the inset f).

obtained by integrating the CO(1–0) emission in the veloc-
ity ranges (–600, –300) km s−1 and (300, 600) km s−1. CO
wings at |v| > 300 km s−1 are detected with S/N = 12, and the
position–velocity diagram along the major axis of rotation (pan-
els e, f of Fig. 2) proves that this high velocity gas does deviate
from the central rotation pattern. Because Herschel-PACS ob-
servations revealed, in this source, prominent OH P-Cygni pro-
files with blue-shifted velocities of up to 950 km s−1 (Veilleux
et al. 2013), the high significance detection of CO wings with
|v| > 300 km s−1 deviating from the rotational pattern is suffi-
cient, according to our criterion (Sect. 3.1), to claim the detection
of a massive molecular outflow. We note that very high velocity
(|v| > 500 km s−1) CO(1–0) emission is detected in this galaxy at
a significance level of 4σ.

Our observations resolve the outflow traced by the broad
wings of the CO(1–0) line, and the fit to the uv data results in
an outflow radius of 1.1 kpc (see Appendix A for details). We
note that this is probably a conservative estimate of the out-
flow extension, since the maps of the wings in Fig. 2c, d sug-
gest the presence of even more extended structures, although
at a low significance level (3σ). The molecular outflow discov-
ered in IRAS F10565+2448 appears to be less powerful than in
the other Sy-ULIRGs Mrk 231 and IRAS F08572+3915: indeed

it has lower velocity and, carrying a mass of molecular gas of
∼2 × 108 M⊙, has a mass-loss rate of “only” 300 M⊙ yr−1.

IRAS 23365+3604

Previous IRAM PdBI observations of the CO(1–0) transition
in IRAS 23365+3604 suggest the presence of a compact rotat-
ing ring or disk (Downes & Solomon 1998), responsible for
the observed narrow line profile with FWZI ∼ 500 km s−1.
Our new observations recover a total CO flux of S CO,TOT =
(48.90 ± 0.20) Jy km s−1 (Table 2), which is 60% larger than
the IRAM PdBI flux measured by Downes & Solomon (1998),
but consistent with the IRAM 30 m flux reported by the same
authors (see also Papadopoulos et al. 2012b).

In Fig. 3 we present the continuum-subtracted CO(1–0)
spectrum, extracted from an aperture with a diameter of 5 arc-
sec (a) and from the central pixel (b). The continuum emission
was evaluated in the velocity ranges v ∈ (−3700,−1200) km s−1

and v ∈ (1200, 4000) km s−1. The 5-arcsec aperture spec-
trum shows wings of the CO(1–0) emission line that extend to
∼600 km s−1 from the systemic velocity, as well as some low
significance emission at higher velocities. The CO(1–0) wings
are instead less prominent in the spectrum extracted from the
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Fig. 3. Continuum-subtracted IRAM-PdBI spectra, maps, and position–velocity diagram of the CO(1–0) emission line of IRAS 23365+3604.
Panels a) and b) show the spectra extracted from a circular aperture with a diameter of 5 arcsec and from the central pixel, respectively. For display
purposes, the spectra are re-binned in channels of 54 km s−1. In both panels the narrow core of the line is fitted with a single Gaussian function
(red dashed line). c), d) Cleaned map of the emission integrated in the blue- and red-shifted CO(1–0) wings. Contours correspond to 1σ (1σ rms
level of the two maps is 0.2 mJy beam−1). The physical scale at the redshift of the source is 1.232 kpc arcsec−1. e) Position–velocity diagram
along the major axis of rotation. Inset f) highlights the rotation pattern traced by the narrow component of the CO(1–0) line; this also suggests the
presence of a counter-rotating disk visible at large radii (i.e. up to about 8 arcsec from the nucleus, which correspond to ∼10 kpc). Contours are
in steps of 1σ (up to 7σ) in panel e), and 5σ in inset f); negative contours are in steps of 1σ (magenta dashed lines). Each pixel corresponds to
0.6 arcsec× 54 km s−1 in diagram e), and to 0.3 arcsec× 27 km s−1 in the inset f).

central pixel. The cleaned maps of the blue- and red-shifted
CO(1–0) wings (Fig. 3c, d), integrated within the velocity ranges
(–600, –300) km s−1 and (300, 600) km s−1, show that these are
detected at 4σ and 8σ significance, respectively. By combining
their emission, we reach a signal-to-noise of 9 (the combined
map and uv plot are shown in Fig. A.5). The position–velocity
diagram along the rotation major axis (Fig. 3e, f) reveals that
such molecular gas at |v| > 300 km s−1 does not follow the rota-
tion pattern traced by the central core emission and this suggests
that this gas traces the same molecular outflow discovered by
Herschel-PACS (Veilleux et al. 2013).

It is interesting to note that the position–velocity diagram
exhibits the signature of a second disk or ring, counter-rotating
with respect to the bulk of the molecular gas, which was not de-
tected by Downes & Solomon (1998). This may further support
the hypothesis that IRAS 23365+3604 is a later merger.

We estimate the molecular outflow in IRAS 23365+3604 to
carry a mass of molecular gas of ∼1.5 × 108 M⊙ and to have an
approximate radius of 1.2 kpc (obtained by fitting directly the uv
data), resulting in an outflow mass-loss rate of 170 M⊙ yr−1 that
is significantly lower than in the other ULIRGs.

Mrk 273

The continuum-subtracted CO(1–0) spectra of Mrk 273, ex-
tracted from a circular aperture of 5-arcsec diameter and from
the central pixel, are shown in Fig. 4a, b. The continuum
emission was estimated in the velocity ranges v ∈ (−3000,
−2000) km s−1 and v ∈ (2000, 3700) km s−1. The total CO(1–0)
line flux that we measure within ±2000 km s−1 is S CO,TOT =
(90.60± 0.50) Jy km s−1 (Table 2), consistent with the flux re-
covered by previous single-dish observations (Sanders et al.
1991; Solomon et al. 1997; Albrecht et al. 2007; Papadopoulos
et al. 2012b), and about 15% more than the value obtained by
Downes & Solomon (1998) with the PdBI. The CO(1–0) line
spectra show a broad emission core, which has already been de-
tected by previous observations, mostly tracing molecular gas
in a nuclear rotating disk (see appendix for details). We fit this
spectral core component with the sum of two Gaussian func-
tions. In addition to this component, our new observations, ob-
tained with a much larger bandwidth than previous data, reveal
extra CO(1–0) emission at high blue- and red-shifted velocities.
Such broad blue and red CO wings are detected at a significance
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Fig. 4. Continuum-subtracted IRAM-PdBI spectra, maps and position–velocity diagram of the CO(1–0) emission line of Mrk 273. Panels a) and b)
show the spectra extracted from a circular aperture with a diameter of 5 arcsec and from the central pixel, respectively. For display purposes, the
spectra are re-binned in channels of 53 km s−1 (and in channels of 160 km s−1 in the insets). In both panels a) and b), the narrow core of the line
is fitted with two Gaussian functions (red dashed lines, further comments in the text and in the appendix). c), d) Cleaned map of the emission
integrated in the blue and red-shifted CO(1–0) wings. Contours correspond to 1σ (1σ rms noise of the two maps is 0.2 mJy beam−1). The
physical scale at the redshift of the source is 0.746 kpc arcsec−1. e), f) Position–velocity diagram along the major axis of rotation. Contours are
in steps of 1σ (up to 10σ) in panel e), and 5σ in inset f); negative contours are in steps of 1σ (magenta dashed lines). Each pixel corresponds to
2.2 arcsec× 120 km s−1 in diagram e), and to 1.1 arcsec× 54 km s−1 in inset f).

of 6σ and 9σ, respectively, as shown by their integrated maps
in panels c and d. The rotation in the central concentration of
molecular gas is not clearly resolved by our D-configuration (i.e.
low spatial resolution) observations (Fig. 4f). However, PdBI ob-
servations of the CO(2–1) transition presented by Downes &
Solomon (1998) resolve the kinematics of the nuclear disk of
Mrk 273, revealing a velocity centroid that changes from –300
to 200 km s−1. The PV diagram in panels e, f shows that the
CO(1–0) emission at |v| > 400 km s−1 does not follow the cen-
tral rotation pattern, and can therefore be ascribed to the molec-
ular outflows detected by Herschel-PACS (Veilleux et al. 2013).
We note that even if restricting the velocity range of integra-
tion to velocities |v| > 500 km s−1, the broad CO(1–0) wings of
Mrk 273 are still both detected at a significance of 5σ.

In principle, the need for two Gaussians to reproduce
the core of the CO(1–0) emission is not an anomaly (see also
the case of Mrk 231, Cicone et al. 2012), but it can reflect the
kinematics of the rotating gas in the central molecular disk.
However, we cannot rule out the possibility that the asymme-
try on the red side of the line core, which is fitted by the smaller
Gaussian centred at about 250 km s−1, is also a signature of out-
flow. Indeed we detect in our channel maps (not shown) a blob
elongated towards the north at velocities v > 150 km s−1, further
confirming our hypothesis that the red-shifted peak of CO(1–0)

emission, manifestly visible in the spectra in Fig. 4a, b, is tracing
the low-velocity component of a prominent red-shifted outflow.
Such outflow is mostly extended to the north up to velocities of
500 km s−1, while it is more compact at higher velocities.

For the molecular outflow in Mrk 273, we estimate an aver-
age radius of about 600 pc (see appendix for details) and a mass
of ∼1.7 × 108 M⊙, yielding a mass-loss rate of 600 M⊙ yr−1.

IRAS F23060+0505

To our knowledge, this is the first published observation of
the CO(1–0) molecular transition in the powerful Type-2 QSO
and ULIRG IRAS F23060+0505. We measure a total integrated
CO flux of S CO,TOT = (15.30± 0.20) Jy km s−1. The continuum-
subtracted CO(1–0) spectra, extracted from an aperture with di-
ameter of 10 arcsec and from the central pixel, are shown in
panels a, b of Fig. 5. The spectrum extracted from a 10 arcsec
aperture shows some indication of broad CO emission, which
extends up to at least v ∼ 1000 km s−1 on the red-shifted side.
Such evidence of high velocity emission is much more marginal
in the central pixel spectrum. An interesting emission feature at
red-shifted velocities of v ∈ (200, 400) km s−1 is clearly distin-
guishable in both spectra.
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Fig. 5. Continuum-subtracted IRAM-PdBI spectra, maps, and position–velocity diagram of the CO(1–0) emission line in IRAS F23060+0505.
Panels a) and b) show the spectra extracted from a circular aperture with diameter of 10 arcsec and from the central pixel, respectively. For display
purposes, the spectra are re-binned in channels of 60 km s−1. c), d) Cleaned maps of the emission integrated in the blue- and red-shifted CO(1–0)
wings. Contours correspond to 1σ (1σ rms noise level is 0.4 mJy beam−1 in the blue wing and 0.2 mJy beam−1 in the red wing). The physical
scale at the redshift of the source is 2.934 kpc arcsec−1. e), f) Position–velocity diagram along the major axis of rotation. Panel f) highlights the
rotational kinematics traced by the narrow core of the CO(1–0) emission. Contours are in steps of 1σ (up to 10σ) in panel e) and of 5σ in inset f).
Negative contours are in steps of 1σ (magenta dashed lines). Each pixel corresponds to 0.7 arcsec× 60 km s−1 in both diagrams e) and f).

The cleaned maps of the broad CO wings, integrated within
velocities of −500 < v < −300 km s−1 and 300 < v <
1100 km s−1, are presented in panels c, d of Fig. 5: these show
that the blue and red wings are detected at 9σ and 6σ signif-
icance. Moreover, the position–velocity diagram in Fig. 5e, f
reveals that such emission at |v| > 300 km s−1 is clearly deviat-
ing from the central rotational pattern. This is particularly evi-
dent for the red-shifted CO emission: the PV diagram confirms
that the feature appearing in the spectra at v ∈ (200, 400) km s−1

does not trace rotating gas, but it is likely tracing either an
outflow or an inflow of molecular gas. The blue-shifted gas at
v < −300 km s−1 is mostly elongated to the north of the galaxy,
as shown by the map in panel c of Fig. 5. We also note the detec-
tion, in the PV diagram (as well as in the 10 arcsec aperture
spectrum), of very high-velocity (v > 500 km s−1), red-shifted
CO emission, although at a low significance level (i.e. S/N <
5). As already mentioned in Sect. 3.1, according to our crite-
rion, IRAS F23060+0505 does not fully qualify as a reliable
“outflow” detection, since high velocity gas is only detected at
low significance, and we lack independent confirmation from
Herschel data of the presence of a molecular outflow in this ob-
ject. Additional observations are certainly required to understand
the nature of the high velocity CO emission in this powerful
QSO.

We use the flux and the spatial extent of the broad CO wings
(estimated to be as large as 4 kpc in radius, see appendix for
further details) to estimate the upper limits on the outflow mass
and mass-loss rate in this source, which may be as high as ∼4 ×
109 M⊙ and 1500 M⊙ yr−1, respectively.

Mrk 876 (PG 1613+658)

Previous interferometric and single-dish observations of the un-
obscured QSO and LIRG Mrk 876 detected the CO(1–0) emis-
sion at high signal-to-noise (Evans et al. 2001, 2006) and esti-
mated a total CO integrated flux that is completely consistent
with our PdBI measure of S CO,TOT = (8.5± 1.5) Jy km s−1. The
continuum-subtracted PdBI CO(1–0) spectrum, extracted from
an aperture with diameter of 10 arcsec and from the central pixel,
is presented in Fig. 6a, b. The signal-to-noise of our spectrum
is low due to the short integration (6 h of on source time with
the PdBI, see Table 1). Both the aperture and the central pixel
spectra do not show any clear evidence of broad CO wings.
We marginally detect some high velocity blue- and red-shifted
CO emission in the maps, obtained by averaging the frequency
channels corresponding to velocities of (–500, –300) km s−1

and (400, 1700) km s−1 (not shown). The significance of this
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Fig. 2. CO(1–0) spectrum obtained by spatially integrating the emission over the disk of NGC 1614. We show the three individual Gaussian
components fitted to the spectrum (gray curves) and the implied overall fit combining them (red curve) (left panel). A close-up view of the overall
fit to the spectrum is shown in the middle panel to highlight emission from the line wings. Residuals and associated Gaussian fits are shown in the
right panel with the typical 1� level indicated by the dotted line.

Fig. 3. Centroids of CO(1–0) emission in NGC 1614 (in [�↵, ��]-units) derived with a velocity resolution of 60 km s�1, using a power law of
the flux as weighting function with index n = 1/2, are displayed in the left panel . Emission centroids calculated for velocity channels that are
equidistant from vsys (i.e., with a common |v � vsys|–o↵set) are connected to visualize the change of PA, defined for the redshifted component of
the connected centroids and measured east from north, as a function of velocity (middle panel). We also plot the change in the average radius r,
defined as half of the mutual distance from the connected centroids, as a function of velocity (right panel). Red color is used for velocity channels
of the line wing and black color for the line core. The dotted black (red) line in the middle panel identifies the ±1� range around the average PA of
the disk as derived inside the line core (line wing): PAcore = 2±5� (PAwing = �68±15�). The green marker in the left panel identifies the dynamical
center. Error bars as a function of velocity channel are shown in the middle and right panels. Error bars in the left panel are for the line core.

The middle panel of Fig. 4 confirms the signature of a spa-
tially resolved rotating disk, as described in Sect. 4.1. When
assuming that the spiral features seen in the optical and NIR
images of the galaxy are trailing, the gas rotation should be
counterclockwise to account for the observed velocity gradi-
ent. This constrains the geometry of the galaxy disk with the
eastern (western) side being the far (near) side. The choice of
the (000, 000)–o↵set as the nucleus maximizes the symmetry of
the mean-velocity field. This location corresponds to the max-
imum velocity witdh (FWHM) measured in the disk, shown in
the right-hand panel of Fig. 4, and also to the radio continuum
peak of Olsson et al. (2010). Therefore this position qualifies as
the dynamical center of the galaxy. The molecular gas is very
turbulent: we estimate an average FWHM ⇠ 80 km s�1 over the
disk. The value of FWHM is lowered to ⇠70 km s�1 if we ex-
clude the central r = 1.500 (0.5 kpc) of the disk to minimize the

e↵ects of beam smearing for our current spatial resolution. This
implies an intrinsic velocity dispersion of � ' 30 km s�1 on
average.

An inspection of the middle panel of Fig. 4 indicates that
while the kinematic major axis is oriented roughly north-south,
the kinematic minor axis is not oriented east-west, but rather at
an angle (�15�). This global tilt proves that there are signifi-
cant departures from circular rotation. Additional wiggles in the
velocity field, identified on the eastern side of the disk, betray
non-circular motions on smaller spatial scales.

The left-hand and middle panels of Fig. 5 overlay the CO line
intensities on the HST NICMOS images of NGC 1614 obtained
in the Pa↵ line and in the 1.6 µm continuum by Alonso-Herrero
et al. (2001). While a sizable fraction of the CO emission orig-
inates in the nuclear star-forming ring, which is barely resolved
by the PdBI, fainter CO emission is also detected extending
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Fig. 10. Same as Fig. 2 but for the CO(2–1) spectrum obtained toward the position that maximizes the emission in the line wing in IRAS 17208-
0014 at ↵2000 = 17h23m21.963s, �2000 = �00�17001.0300.

Fig. 11. Same as Fig. 3 but for the centroids of CO(2–1) emission in IRAS 17208-0014.

Fig. 12. Left panel: the CO(2–1) integrated intensity map obtained in the disk of IRAS 17208-0014. The map is shown in color scale with contour
levels 1%, 2%, 5%, 10%, to 90% in steps of 10% of the peak value = 143 Jy km s�1 beam�1 (⇠300�). Middle panel: the CO(2–1) isovelocity
contours spanning the range (�250 km s�1, 250 km s�1) in steps of 50 km s�1 are overlaid on a false-color velocity map (linear color scale as
shown). Velocities refer to vsys(HEL) = 12 808 km s�1. Right panel: overlay of the CO(2–1) line widths (FWHM) shown in contours (50 to
550 km s�1 in steps of 50 km s�1) on a false-color width map (linear scale as shown). The filled ellipses in the bottom left corner of each panel
represent the CO(2�1) beam size (0.006 ⇥ 0.005 at PA = 61�). The position of the dynamical center is highlighted by the cross marker.
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NGC 1266

Alatalo et al. 2011, 2014a, 2015a

NGC 1266 appears to be a “quiescent” S0 

NGC 1266 hosts a massive molecular 
disk (>109 M!)  
and a massive (>108 M!) molecular 
outflow that is multiphase 

NGC 1266 contains an AGN 

A young (1/2 Gyr) stellar population 
outside the nucleus points to a 
gravitational interaction causing the 
molecular gas to move to the center 

Star formation is suppressed by a factor 
of 50-150 seen in the nucleus Nyland et al. 2013



NGC 1266 contains an AGN
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VLBA Tb ~ 1.5×107 K, but only recovered 2% of VLA A-array flux
VLBA data were able to resolve the AGN sphere of influence and pinpoint the position of the AGN 

Currently, the AGN is still unresolved.                     Nyland et al. 2013



NGC 1266 is a poststarburst galaxy
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NUV: tracing ~1/2 Gyr 
stellar population
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NUV imaging from the Swift UVOT 
as well as GALEX show a much 
larger distribution of young stars 
than the current site of the molecular 
gas 

A stellar population analysis of the 
spectrum from Moustakas & 
Kennicutt (2006) shows that the 
stellar population is poststarburst of 
age (~500 Myr) 

SAURON Hβ absorption and stellar 
population synthesis mapping back 
up the UV data, showing a young 
population 

Alatalo et al. 2014a



MEGACAM deep imaging at 
the CFHT  
(sensitivity: 29 mag arcsec-2) 

low surface brightness stellar 
 filament to the South-East may 
be a sign of a minor merger, 
but also possibly galactic cirrus 

no signs of a major interaction 
in the past 2 Gyr, even of the 
scale of M51, so a major 
merger does not explain the 
quenched star formation

Alatalo et al. 2014a

NGC 1266 has not interacted *recently



NGC 1266 is depleting its gas
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Mgas ~ 4×109 M! (Young et al. 2011; Alatalo et al. 2011, 2015a) 
Moutflow ~ few×108 M!  
 (Alatalo et al. 2011, Alatalo et al. 2014b) 
Outflow mass flux ≈ 110 M! yr-1 (Alatalo et al. 2015a) 
Outflow dynamical time < 3 Myr (Alatalo et al. 2011)



but most molecules are not escaping

wings

Mout ~ few × 108 M! 
dMout/dt ~ 110 M! yr-1

HCN is detected in the outflow

Alatalo et al. 2015a

but outflow rate does not reflect how much mass is escaping.   
The mass escape rate is closer to 2 M⊙ yr-1
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NGC 1266 is not forming stars efficiently
Scenario 1: Powerful AGN
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NGC 1266: not your standard feedback

20

1. 1/2 Gyr ago, a minor merger 
the collapse of a subcritical 
molecular disk in the already 
mostly old NGC 1266

2. Gas collapses inward toward 
nucleus, and young stars are 
formed within the 2kpc 
boundary

4. AGN radio jet ignites, 
injecting turbulence into the 
dense molecular disk, 
suppressing SF and driving an 
outflow

5. AGN stops being fueled, 
radio turns off, and outflow 
begins falling back onto the 
nucleus.  Turbulence dissipates.

3. Population ages, gas 
continues toward the AGN

6. Gas re-ignites radio jet?

Duty cycle?



other conclusions

AGN feedback solves a well-known problem with creating too many massive 
galaxies

AGN outflows have been observed in all wavelengths, including mounting 
evidence that they are ubiquitous even in H2 

An AGN removes its interstellar medium by expelling it, and turbulence can 
prevent that ISM from forming stars - but not as fast as we think

A duty-cycle might be able to explain the slow evolution from the cessation of 
SF to complete expulsion of molecular gas (for NGC 1266)

Using the escape rate rather than the outflow rate can explain the mismatch 
between depletion time and ubiquity of mass-loaded outflows




