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ABSTRACT
NGC 1266 is a nearby lenticular galaxy that harbors a massive outflow of molecular gas powered by the mechanical
energy of an active galactic nucleus (AGN). It has been speculated that such outflows hinder star formation
(SF) in their host galaxies, providing a form of feedback to the process of galaxy formation. Previous studies,
however, indicated that only jets from extremely rare, high-power quasars or radio galaxies could impart significant
feedback on their hosts. Here we present detailed observations of the gas and dust continuum of NGC 1266 at
millimeter wavelengths. Our observations show that molecular gas is being driven out of the nuclear region at
Ṁout ≈ 110 M yr−1 , of which the vast majority cannot escape the nucleus. Only 2 M yr−1 is actually capable of
escaping the galaxy. Most of the molecular gas that remains is very inefficient at forming stars. The far-infrared
emission is dominated by an ultra-compact (50 pc) source that could either be powered by an AGN or by an
ultra-compact starburst. The ratio of the SF surface density (ΣSFR ) to the gas surface density (ΣH2 ) indicates that
SF is suppressed by a factor of ≈50 compared to normal star-forming galaxies if all gas is forming stars, and
≈150 for the outskirt (98%) dense molecular gas if the central region is powered by an ultra-compact starburst.
The AGN-driven bulk outflow could account for this extreme suppression by hindering the fragmentation and
gravitational collapse necessary to form stars through a process of turbulent injection. This result suggests that even
relatively common, low-power AGNs are able to alter the evolution of their host galaxies as their black holes grow
onto the M–σ relation.
Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: individual (NGC 1266) –
galaxies: ISM – galaxies: nuclei – galaxies: star formation – molecular data – radio continuum: galaxies –
submillimeter: galaxies
of mass scales over which black hole and bulge masses are
correlated.
Molecular outflows have now been seen in many AGNs
(Fischer et al. 2010; Feruglio et al. 2010; Sturm et al. 2011;
Alatalo et al. 2011; Aalto et al. 2012; Veilleux et al. 2013;
Cicone et al. 2014; González-Alfonso et al. 2014), but the
mechanism by which outflows suppress SF in their host galaxies
is unclear. Expulsion of molecular gas cannot be the dominant
mechanism, as these outflows are usually too weak to completely remove more than a small fraction of the molecular
gas from the potential well of the galaxy. In order to make a
detailed study of the suppression of SF in an AGN of moderate luminosity, we used the Atacama Large Millimeter Array
(ALMA) and the Combined Array for Research in Millimeter Astronomy (CARMA) to make sensitive, sub-arcsecond
resolution (corresponding to physical scales <100 pc in both
continuum and dense gas images) images of the nucleus of
NGC 1266, a nearby lenticular galaxy that harbors a massive
outflow of molecular gas powered by an AGN (Alatalo et al.
2011). CARMA was used to map the J = 2–1 transition of
carbon monosulfide (CS) and J = 1–0 transition of hydrogen
cyanide (HCN). ALMA was used to map the continuum

1. INTRODUCTION
The presence of an active galactic nucleus (AGN) has a
significant effect on the growth of its host galaxy. Feedback
by AGN jets or winds is thought to prevent excessive star
formation (SF) in the host (Fabian 2012). At the same time,
the fuel supply to the supermassive black hole is limited by
these same winds clearing gas from the vicinity of the AGN and
ensuring that the central bulge components of galaxies and their
black holes grow in tandem to produce a correlation between
black hole mass and the velocity dispersion of their bulges
(Ferrarese & Merritt 2000; Gebhardt et al. 2000). Although
some powerful radio galaxies and quasars show outflows that
are strong enough to expel the interstellar medium (ISM) in
their hosts (Villar-Martin et al. 1999; Fu & Stockton 2009;
Nesvadba et al. 2010; Shih et al. 2013; Liu et al. 2013), such
outflows cannot be maintained for more than a few tens of
millions of years, and gas will eventually accrete onto the
host galaxies and form stars. A different mechanism, involving
AGNs of lower luminosity, is needed to fully suppress SF
in galaxy bulges on timescales comparable to the age of the
universe (Croton et al. 2006), and explain the wide range
1
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Figure 1. Channel maps for CS(2–1) from CARMA. The velocities listed in the top corner of each panel are relative to the systemic velocity, of 2160 km s−1 . The
first panel also shows the CARMA beam in the bottom left corner. Contours on the plot start at ±3σ , where σ is the rms noise of the map, and are in 1σ increments.
At the center of the line, the detections are 7σ –10σ significance, with robust (>4σ ) detections from −183 to 92 km s−1 . The CARMA beam (for a naturally weighted
data set) is ≈1 , and it is clear that the CS emission is concentrated in the nucleus.

rated by the carbon monoxide (CO) spectral line energy distribution presented in Pellegrini et al. 2013). These assumptions
and the CS abundance of ≈10−9 lead to a column density of
N (H2 ) ≈ 1.05 × 104 M pc−1 . The gas column was also calculated to be 1.13 × 104 M pc−1 using the CS-to-N (H2 ) relation
found in infrared (IR) dark clouds in the Milky Way (Lada et al.
1994) of I(CS J = 2–1)/(K km s−1 ) = 0.10 + 0.06 mag−1 AV and
N (H2 )/AV = 9 × 1020 cm−2 mag−1 from Schultz & Wiemer
(1975). From these methods, the derived average molecular gas
surface density is ΣH2 ≈ 104 M pc−2 , and includes all points
in the CS(2–1) moment0 map within a radius of 1. 9. This is
likely a lower limit, given the uncertainties in the CS abundance
and opacity. The derived ΣH2 agrees reasonably well with the
CO(1–0) derived ΣH2 of 2.7×104 M pc−2 (Alatalo et al. 2011),
suggesting that a significant fraction of the total molecular gas
is dense. The line-of-sight column to the Very Long Baseline
Array (VLBA) radio point source (Nyland et al. 2013) is found
to be NH2 ,dense ≈ 3 × 1024 cm−2 .
The HCN(1–0) data were also taken at CARMA and reduced
and analyzed identically to the CS(2–1). In order to determine
the total mass and therefore gas surface density associated with
the HCN, we assumed a HCN to H2 abundance of 10−8 and LTE
with an excitation temperature of 90 K. The inferred HCN mass
was 2 × 109 M , which corresponded to a gas surface density
of 0.8 × 104 in the dense gas region, similar to what was derived
for CS. Given that both the HCN(1–0) and CS(2–1) trace only
the dense gas and agree that ΣH2 ≈ 104 M pc−2 , it is likely that
the CS-derived quantities provide a physically robust picture
of the dense gas properties of NGC 1266. HCN(1–0) channel
maps can be seen in Figure 3. It is of note that the CS(2–1) and
HCN(1–0) maps appear to show disturbed molecular gas.

at 870 μm, and to obtain continuum flux densities at lower
frequencies.
Here we report on new ALMA and CARMA observations of
NGC 1266. The distance to NGC 1266 is taken from ATLAS3D
(Cappellari et al. 2011) to be 29.9 Mpc, for which 1 = 145 pc.
In Section 2, we describe the molecular line and continuum
observations and analysis from ALMA and CARMA, as well
as Chandra and XMM-Newton. In Section 3, we discuss the
constraints on the SF rate (SFR) available from the observations.
In Section 4, we provide new estimates of Ṁout , from the dense
gas estimates. In Section 5, we describe the possible energetics
of the central region and discuss the implications of SF in
Section 6. We summarize our main conclusions in Section 7.
2. OBSERVATIONS AND ANALYSIS
2.1. CARMA Observations
The J = 2–1 transition of CS was observed in NGC 1266
using the CARMA between 2009 December and 2013 January
in the A (θbeam = 0. 3), B (θbeam = 0. 5), C (θbeam = 1 ), and
D (θbeam = 5 ) arrays. The spatial resolution in the final map
is 1. 0 × 0. 9 and the sensitivity 1.32 mJy beam−1 per 20 km
s−1 channel. The data were reduced as described in Alatalo
et al. (2013). CS(2–1) channel maps from CARMA can be seen
in Figure 1. Figure 2 shows the integrated CS data, indicating
that the total deconvolved extent of the dense gas is 3. 8, or
550 pc.
In order to derive the surface density of the molecular gas,
we assumed that the CS gas is optically thin and in local thermal equilibrium (LTE) with an excitation temperature of 90 K
(similar to the excitation temperature of Arp 220, and corrobo2
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Figure 2. Top: CARMA CS(2–1) integrated intensity map (bluescale) contours, along with the 870 μm ALMA continuum data (red) contours, are overlaid on top
of the B-band Hubble Space Telescope (HST) data (grayscale; Nyland et al. 2013) The black cross represents the VLBA point source. CS(2–1) integrated intensity
contour levels are [0.1, 0.24, 0.39, 0.53, 0.67, 0.81, 0.96] of the peak and ALMA 870 μm are [3, 6, 9, 12] times the rms (σrms ) of the map. The approximate diameter
of the CS(2–1) data is 3. 8, equivalent to 550 pc at the adopted distance of NGC 1266. The 870 μm data is resolved at approximately 0. 4, equivalent to 60 pc (when
deconvolved from the 0. 5 × 0. 4 uniformly weighted ALMA beam). Bottom: radial profiles of the emission: 870 μm (naturally weighted, 0. 5 × 0. 5 beam; solid red
line) and CS(2–1) (uniformly weighted; θbeam = 0. 6 × 0. 5; solid blue line). The dashed lines show the respective beam profiles. Finally, the level of the 3σrms rms
noise annuli for the CS(2–1) and 870 μm continuum sources are shaded (light blue and light red, respectively), showing where the radial emission falls below the
3σrms noise level for each respective map. The CS(2–1) and 870 μm sources both truncate at approximately the same radius ≈2 , consistent with the full-width at
zero intensity level of the CS(2–1) emission line image.

this line (which has a deconvolved size of 0. 25 and radius of
22 pc) require an enclosed mass of ≈4.5 × 107 M . This virial
estimate predicts a mass surface density of Σ∗,•,gas  2.9 ×
104 M pc−2 , which supports the gas surface density derived
from the CS(2–1) and HCN(1–0) observations from CARMA.
The ALMA continuum and H13 CN(3–2) maps show a barely
resolved central source 50 pc in size. Weak, diffuse emission is
detected when integrating over successive annuli in the naturally
weighted map to create a radial profile of the ALMA data
between 1 and 2 , consistent with the edge of the CS disk.
We mapped the 870 μm data using a naturally weighted beam
to maximize our sensitivity to diffuse emission. We used the CS
moment0 map to define the region within which to measure the
total flux density, and used the CASA imfit task to fit the central
source (allowing a zero-point offset to account for the diffuse
emission). We found an integrated flux density of 32.6±0.1 mJy
up to an aperture of 4. 0 diameter with the compact central source
contributing 23.5 ± 0.5 mJy, and the residual diffuse emission
contributing 9.1 ± 0.5 mJy.
In order to test for continuum flux resolved out by ALMA
on the scale of the CS(2–1) molecular gas emission, we

2.2. ALMA Observations
The ALMA observations of NGC 1266 were made in the extended Cycle 0 configuration as part of project 2011.0.00511.S,
and processed through the standard ALMA Cycle 0 reduction
CASA13 script by ALMA staff. We used the calibrated measurement set product to image the continuum at 344.7 GHz
(870 μm), excluding any bright molecular lines. A single iteration of self-calibration in phase only was applied to the data
set. Both naturally weighted (with a 0. 51 × 0. 47 beam) and uniformly weighted (with a 0. 49 × 0. 36 beam) images were made.
H13 CN(3–2) emission at 259.0118 GHz (λ0 = 1157.45 μm)
was detected in one of the ALMA band 6 observations, which
was reduced to a calibrated measurement set by ALMA staff
in the same procedure as the ALMA band 7 observations.
We then imaged the datacube using natural weighting and a
channel width of 2.44 MHz (3.34 km s−1 ) (no self-calibration
was applied). Figure 4 shows the channel maps of H13 CN(3–2)
from ALMA, showing that the dense gas strongly overlaps the
radio point source. A virial equilibrium estimate was made using
13
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Figure 3. Channel maps for HCN(1–0) from CARMA. The velocities listed in the top corner of each panel are relative to the systemic velocity, of 2160 km k−1 . The
first panel also shows the CARMA beam in the bottom left corner. Contours on the plot start at ±3σ , where σ is the rms noise of the map, and are in 2σ increments. At
the center of the line, the detections are 7σ –10σ significance, with robust (>3σ ) detections from −160 to 180 km s−1 . The CARMA beam (for a naturally weighted
data set) is ≈1 , and it is clear that the HCN emission is concentrated in the nucleus.

used the simdata and simanalyse tasks in CASA to simulate
imaging the spatial distribution of the CS emission from
CARMA using the same configuration and frequency as the
ALMA Cycle 0 870 μm observations. The simulation recovered
70% of the flux in the CS(2–1) image. Under the assumption that
this emission is co-spatial with the diffuse continuum emission
at 870 μm, we corrected the ALMA extended flux component
upwards by 30% to compensate. The spatial decomposition
provided at 870 μm by the ALMA data shows that the emission
coming from the more extended gas disk accounts for only about
34% of the flux after the correction is applied. Lower frequency
measurements of the continuum at 994 μm, 1165 μm, 1381 μm,
and 3476 μm from the same ALMA program were used to
construct the spectral energy distribution (SED).

Figure 5) centered on the position of the VLBA point source
(Nyland et al. 2013) in each data set and then combined them to
create the EPIC spectrum. After filtering, this aperture contains
9190 ± 100 net counts between 0.3 keV and 10 keV.
NGC 1266 was observed for 29.65 ks on 2009 September
20 (ObsID 11578) with the back-illuminated CCD chip, S3, of
the Chandra Advanced CCD Imaging Spectrometer (Weisskopf
et al. 2000). We reprocessed the observation using ciao version
4.5 to create a new level 2 events file, following the software
threads from the Chandra X-Ray Center.14 An X-ray spectrum
was extracted using the specextract task in the 0.4–8.0 keV
energy range in the same aperture as the XMM spectrum.
However, the bulk of the photons observed by Chandra are
within a 6 aperture due to the better resolution of Chandra
compared to XMM (see Figure 5). This aperture contains
857 ± 32 net counts between 0.4 keV and 8.0 keV. We filtered
the events based on that energy range and then grouped it to a
minimum of 30 counts per bin prior to modeling the spectrum.
Spectral modeling was done using the sherpa packages
of ciao using the Levenberg–Marquardt optimization method
(Moré 1978). The same model was applied to both the Chandra
and EPIC spectra and fit simultaneously. A fixed foreground
absorption due to the Milky Way ISM of NH = 5.55 ×
1020 cm−2 (Kalberla et al. 2005)15 is assumed in addition to

2.3. XMM-Newton and Chandra Observations
XMM-Newton observed NGC 1266 for 138.58 ks on 2012
July 25 (ObsID 0693520101). We retrieved and analyzed the
data taken with European Photon Imaging Camera (EPIC;
Jansen et al. 2001) on both the metal oxide semiconductor
(MOS) CCDs and pn CCDs. We filtered each data set to remove
periods of background flaring, resulting in reduced exposure
times of 91.49 ks (MOS1), 107.31 ks (MOS2), and 91.68 ks (pn).
The events were further filtered to retain only events with
energies between 0.3 keV and 10 keV and patterns between 0
and 12. We extracted the spectrum in a 20 aperture (shown in

14
15

4
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Figure 4. Channel maps for H13 CN(3–2) from ALMA. The velocities listed in the top corner of each panel are relative to the systemic velocity, of 2160 km k−1 . The
first panel also shows the ALMA beam in the bottom left corner. Contours on the plot start at ±3σ , where σ is the rms noise of the map, and are in 1σ increments, and
the white cross shows the position of the VLBA point source. The ALMA beam is ≈0. 9, and it is clear that the H13 CN(3–2) emission is concentrated in the nucleus.
Deconvolving this line shows that it appears to originate and rotate about a region with radius R < 22 pc.

Figure 5. Three-color images of the reduced, unsmoothed XMM (left) and Chandra (right and inset) X-ray data. Similar to what was presented in Figures 11 and 12
of Alatalo et al. (2011), the Chandra images show that the bulk of the X-rays originate in the shocked outflow (consistent with the position of the outflowing ionized
gas from Davis et al. 2012). These three-color images also show that the hard X-rays are concentrated in a single location, near the position of the AGN (Nyland et al.
2013), agreeing well with the original conclusions of Alatalo et al. (2011). The cyan circle shows the spectral extraction region, defined based on the extent of the
X-rays detected by XMM.
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Figure 6. We simultaneously fit the spectra of the XMM (blue) and Chandra (red) extracted in a 20 aperture (see Figure 5), with an absorbed model comprised of a
thermal component, a power-law component, and five lines, including Fe Kα (marked with varying width), which is shown in black. The 6.4 keV XMM bin (position
of Fe Kα) shows a boosted signal, consistent with the presence of a broad Fe Kα line.

intrinsic absorption. Both a purely thermal model (APEC;
Smith et al. 2001) and a power-law model can be ruled out
(p  0.001) even when intrinsic absorption is included. An
absorbed combination of a thermal and power-law model does
better (χ 2 /dof = 375.3/263), but the inclusion of five lines
modeled as Gaussians is needed to make the fit statistically
good (χ 2 /dof = 254.5/257). Each line significantly improves
the fit, particularly in the XMM spectrum (Figure 6). The
best-fit model has kT = 0.74 ± 0.02 keV, Γ = 3.0 ± 0.2,
NH = (1.5 ± 0.2) × 1021 cm−2 , and lines at 6.400 keV (Fe Kα),
1.870 keV (Si xiii), 1.352 keV (Mg xi), 2.402 keV (Si xiii), and
1.022 keV (Ne x). Line identifications are tentative and are based
on the most intense line at that energy given in atomdb.16
The fit also gives Fe Kα a width of σ = 1.7 ± 0.5 keV. The
thermal component has an unabsorbed 0.3–10.0 keV luminosity
39
−1
of 8.9+0.7
and the power law has an unabsorbed
−0.6 × 10 erg s
39
−1
2–10 keV luminosity of 2.7+0.46
−0.3 × 10 erg s . Figure 5 shows
the XMM and Chandra three-color images, showing the relative
positions and distributions of the soft and hard X-rays. In the
Chandra image, a blue point-like source appears approximately
at the location of the NGC 1266 nucleus.
The dense gas observations (discussed above) show that the
line-of-sight gas column (NH2 ≈ 3 × 1024 cm−2 ) toward the
AGN is three orders of magnitude greater than that derived
from the X-ray spectral fit (∼1021 cm−2 ). This could be due to
the spatial complexity of the source, with multiple X-ray emitting components located within the 20 aperture. The Chandra
image seems to indicate this is the case, with the majority of
the X-rays distributed in a similar fashion to the ionized gas
from shocks (Alatalo et al. 2011; Davis et al. 2012), with the
hard X-rays coming from a much more compact, unresolved
region near the nucleus, and position of the VLBA point source
(Alatalo et al. 2011; Nyland et al. 2013). We tried alternative
spectral fits to account for this discrepancy. Separate absorbing columns on the power law (the putative AGN) and diffuse
(APEC and lines) components yielded a similarly good fit to
16

the spectra with similar parameters and requiring no intrinsic
absorption on the diffuse component, but the absorbing column
on the power-law component still fit with NH ∼ 1021 cm−2 .
Fits that forced a single or one of two absorbing columns of
NH ≈ 6 × 1024 cm−2 failed, yielding very high χ 2 /dof values
along with very unlikely values of the model parameters, often
at the edge of their allowed ranges.
To determine how powerful an AGN could be hidden by the
column given by the dense gas observations to yield the limited
observed hard X-ray emission, we simulated the spectrum of a
power law with a typical Γ = 2 absorbed by a covering column
NH = 2NH2 = 6 × 1024 cm−2 (we use NH rather than NH2
here because X-ray absorption occurs via the metals; Morrison
& McCammon 1983). We determine the normalization of the
model power law by measuring the 6–10 keV flux of the simulated spectrum and matching it to the observed flux in this band.
We use the hard X-ray band to set the normalization in order
to minimize the contribution of the diffuse, thermal emission,
which dominates at lower energies. The spectrum is then synthesized over the energy range of Chandra and XMM, allowing
us to measure the 2–10 keV luminosity of the putative AGN,
which, once corrected for intrinsic and Galactic absorption, is
7 × 1043 erg s−1 , which is larger than the IR luminosity in the
nucleus of NGC 1266. Given the possibility that the hard X-rays
detected by Chandra and XMM could be reflected into the line
of sight through preferentially less obscured lanes (Antonucci
& Miller 1985; Urry & Padovani 1995; Levenson et al. 2006),
this X-ray luminosity defines the upper limit.
The IR observations (discussed Section 4) indicate that the
bolometric luminosity of the central source is 3.4×1043 erg s−1 ,
smaller than the 2–10 keV luminosity our simulated spectrum.
Therefore, we simulated a second set of spectra whose underlying power law (Γ = 2) has a 2–10 keV luminosity set by
the bolometric luminosity (assuming the LX /Lbol = 28 ratio of
Seyferts from Ho 2008). We simulated spectra with a range
of covering columns up to 6 × 1024 cm−2 to determine the
NH that would produce the observed 6–10 keV flux. For an
expected L2–10 keV ≈ 1042 erg s−1 , we find the observed hard

http://www.atomdb.org
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X-ray flux requires a covering column of NH = 3 × 1024 cm−2
(or NH2 ≈ 1.5 × 1024 cm−2 , which is comfortably within the
range of that predicted by the molecular gas).

Table 1
SED Values for NGC 1266 in a 15 Aperture

3. CONSTRAINTS ON THE STAR FORMATION RATE
The SFR in NGC 1266 is not straightforward to derive.
The nuclear region is both highly obscured and contains large
amounts of shocked gas (Davis et al. 2012), resulting in
important caveats on traditional SFR estimators. If there is
a buried AGN in NGC 1266, given the deep column of gas
sitting directly along the line of sight, any radiatively powerful
AGN would be Compton thick, and also have a high optical
depth even to mid-IR emission. The AGN, therefore, would
make an unknown contribution to the total IR flux, causing
an overestimate of the SFR. Davis et al. (2012) showed that the
ionized gas emission line ratios in the system are consistent with
shocks, evidenced not only from the line diagnostic diagrams
(Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al.
2006), but also from the large-scale velocity structures. This
would therefore contaminate attempts to determine the SFR
using ionized gas lines from H ii regions. In the following, we
use the available tracers of SF to define lower and upper limits
to the total SF taking place in the dense gas in NGC 1266. The
24 μm flux will also overestimate the SFR, as it is clear that
the AGN in the system contributes non-negligibly to the mid-IR
flux (Figure 7).
3.1. The Lower Limit to SF: PAH+UV Estimate
In order to derive a lower limit to the SFR in NGC 1266, we
use the far-ultraviolet (UV) emission from the Galaxy Evolution
Explorer (GALEX; Martin et al. 2005), combined with the
SFR derived from the polycyclic aromatic hydrocarbon (PAH)
emission. Given the extreme extinction in the far-UV, as well
as the possible PAH destruction by shocks in the system, we
consider this estimate to be a lower limit to the total SFR. UV
photons from young stars form the basis of most techniques to
estimate SFRs; typically, however, in a dense, dusty object like
the nucleus of NGC 1266, they are reprocessed into IR emission.
Ionizing photons from the AGN also add to the UV emission,
however. We can obtain a firm lower limit on the SFR from
the UV photons that do directly escape the star-forming region
and appear in the GALEX far-UV image, this is 0.003 M yr−1
(Leroy et al. 2008; Alatalo et al. 2011). We combine this SFR
with that derived using a fit to the PAH emission. These large
molecules are excited by UV photons and re-emit in the midIR. The Spitzer Infrared Spectrograph (IRS; Houck et al. 2004)
spectrum was fitted using PAHFIT (Smith et al. 2007), and the
derived SFR from the PAH emission is 0.3 M yr−1 from Treyer
et al. (2010), normalized to a Salpeter initial mass function (IMF;
Salpeter 1955). Due to the large levels of extinction toward
the SF region and the possibility that shocks have destroyed
some PAHs, we consider the SFR derived from the PAH+farUV emission (of ≈0.3 M yr−1 ) to represent a lower limit. It is
possible that the post-starburst stellar population, as well as the
AGN itself might excite the PAH emission, but compared to the
shock destruction and extinction, A-star radiation is likely not
the dominant effect.

Telescope

Filter
Band

λ
(μm)

Flux
(10−14 W m−2 )

Keck
HST
HST
HST
2MASS
HST
2MASS
2MASS
Spitzer
Spitzer
Spitzer
Spitzer
Spitzer
Herschel
Herschel
Herschel
Herschel
Herschel
Herschel
ALMA
ALMA
ALMA
ALMA
ALMA
VLA
VLA
VLA

u
B
I
Y
J
F160W
H
Ks
IRAC1
IRAC2
IRAC3
IRAC4
MIPS24
PACS70
PACS110
PACS160
SPIRE250
SPIRE350
SPIRE500
Band 7
Band 7
Band 6
Band 6
Band 3
33 GHz
C band
L band

0.340
0.435
0.814
1.10
1.25
1.60
1.65
2.20
3.55
4.50
5.80
8.00
24.0
70.0
110
160
250
350
500
870
994
1165
1381
3476
9090
60000
210000

0.397 ± 0.009
1.88 ± 0.10
5.82 ± 0.18
7.52 ± 0.27
7.65 ± 0.36
7.09 ± 0.28
7.39 ± 0.36
4.99 ± 0.20
1.82 ± 0.08
1.35 ± 0.08
2.00 ± 0.10
3.26 ± 0.21
6.42 ± 0.50
46.5 ± 2.1
32.7 ± 1.4
16.5 ± 0.6
4.03 ± 0.20
1.02 ± 0.05
0.20 ± 0.01
0.011 ± 0.001
0.0055 ± 0.0005
0.0029 ± 0.0004
0.0020 ± 0.0003
0.00036 ± 0.00001
0.00028 ± 0.00001
0.00017 ± 0.000005
0.00013 ± 0.000001

through a 15 diameter aperture subtracting the corresponding
sky and estimating the flux 3σ above the general background.
Radio fluxes from the Very Large Array (VLA), described in
Nyland et al. (2013) were also derived using the 15 aperture.
The SED was fit utilizing the models of Sajina et al. (2006),
which is meant to be used for deeply embedded star-forming
regions (likely the case for NGC 1266). The fluxes derived for
the SED fit can be found in Table 1 and Figure 7. Integrating
the cold component of the dust and assuming a Salpeter IMF
(Salpeter 1955) yields a SFR (assuming that all IR luminosity
is from SF) of 2.2 M yr−1 .
The [Ne ii] and [Ne iii] emission from the nucleus of
NGC 1266 (Dudik et al. 2009) indicates a SFR of ≈1.5 M yr−1
from this region (Ho & Keto 2007). This [Ne ii]-derived SFR
can be thought of as an upper limit as well, as this line is almost
certainly contaminated by emission from the shocks, which is
the dominant energizing mechanism of the ionized gas (Davis
et al. 2012).
3.3. Star Formation Rate Derived from
Millimeter Free–Free Emission
Finally, we used ALMA and VLA data to constrain the
free–free radio continuum emission, arising from the ionized gas
in the SF regions, which we consider the most robust estimator
of the SFR in NGC 1266. Continuum emission was measured at
86.3 GHz, 217.2 GHz, 257.6 GHz, and 301.8 GHz with ALMA
and 1.4 GHz, 5 GHz, and 33 GHz with the VLA and fit to a model
consisting of power-law synchrotron and free–free components.
The radio continuum is resolved on scales <15 (Nyland et al.
2013), consistent with the aperture chosen to derive the complete
SED. The high accuracy of the Herschel, ALMA, and VLA flux

3.2. The Upper Limit to SF: Total IR versus [Ne ii]
Second, the UV flux absorbed from the SF and AGN and reemitted in the far-IR can be estimated by fitting the optical-tosubmillimeter SED. To create this, we used aperture photometry
7
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Figure 7. Full SED fit to NGC 1266 within a 15 diameter aperture using the models of (Sajina et al. 2006), which fit SEDs of star-forming regions in deeply embedded
gas disks, and includes stellar emission, AGN emission, and blackbody dust emission. The SED points shown on the plot are derived within the aperture and range
from the u band and to VLA 21 cm continuum, including Keck u (this work), HST (Nyland et al. 2013; Alatalo et al. 2014a), Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006), Spitzer (Dale et al. 2005), Herschel (Dale et al. 2012), ALMA (this work), and VLA continuum (Nyland et al. 2013). The 870 μm ALMA
point is demarcated with a star. The Spitzer IRS data (Dale et al. 2006) are overplotted (green line) to further aid in constraining the mid-IR contribution. Calibration
uncertainty error bars are included, but sufficiently small so that their extent is within the points on the plot.

measurements allows us to constrain the free–free emission well,
despite its relatively small contribution to the overall SED. Our
best-fit value for the free–free flux density at 200 GHz is 0.7 mJy
(compared to a synchrotron flux density of 1.7 mJy and a flux
density from dust emission of 4.9 mJy). The model allows a 2σ
upper limit of 0.9 mJy on the free–free emission, and also shows
that a free–free contribution is required to fit the data, with a 2σ
lower limit of 0.5 mJy at 200 GHz. The main uncertainty in our
derived value of the free–free emission is any curvature in the
synchrotron spectrum, however, we see no evidence for that at
lower frequencies.
Using the standard relation between SFR and free–free
emission (Equation (6) in Murphy et al. 2012), we derived
a SFR of 0.87 ± 0.1 M yr−1 . Although free–free emission
can be reduced in very dusty H ii regions if ionizing photons
are absorbed before they are able to ionize a hydrogen atom
(Murphy et al. 2012), such dust grains will re-emit in the
IR, so will be accounted for in our SED fit. We estimate the
overall uncertainty on this estimate to be about a factor of
two given possible contributions to the free–free emission from
gas ionized by AGN emission or shocks, and the possibility of
dust-absorption within the H ii regions. The uncertainty in this
estimator place the upper limit at the same value as what was
derived from the [Ne ii].

that we are not seeing all CO emission; therefore, there is a
larger mass of H2 per observed CO molecule (Solomon et al.
1987). Alatalo et al. (2011) used the optically thin L(CO)-to-H2
conversion when calculating the mass of the molecular gas in
the outflow, in order to obtain the lower limit to the molecular
gas. If the molecular gas in the outflow is not diffuse, then the
optically thin assumption is not valid.
The presence of wings in the HCN and CS spectra from
Figure 8 indicate that the molecular outflow is dense and optically thick, therefore, requiring that the L(CO)-to-H2 conversion
is optically thick rather than thin. This means that the original
estimate of the molecular outflow mass, Mout = 2.4 × 107 M
(Alatalo et al. 2011), is too low, by about an order of magnitude. This also revises upward the mass outflow rate, originally reported to be 13 M yr−1 . Using a conversion factor derived from ultraluminous infrared galaxies (ULIRGs; Sanders
et al. 1988; Downes & Solomon 1998), with αCO ≈ 1 using
Mmol = αCO LCO (Bolatto et al. 2013), and the original measurement of the broad wing emission in Alatalo et al. (2011) of ICO
= 45.4 Jy km s−1 , the updated molecular mass of the molecular
outflow is 2.0 × 108 M , a factor of ≈8 larger than the optically thin conversion factor derivation. This also up-converts
the molecular mass outflow rate, Ṁout to 110 M yr−1 .
The mass outflow rate is now 100 times larger than the
SFR, which likely rules out the possibility that the mass driving
associated with the molecular outflow is due to SF based on
applying the rule of thumb from Murray et al. (2005), solidifying
the result of Alatalo et al. (2011) that the AGN must be the
driving source of the molecular outflow. The momentum ratio
ζ = Ṁv/(LIR /c), which needs to be of order unity to use
photon momentum driving to explain the mass outflow rate, is
also very high. In NGC 1266, with LIR ≈ 5.2 × 1043 erg s−1 ,
Ṁ = 110 M yr−1 , v = voutflow = 177 km s−1 , ζ ≈ 65. Models
to explain such high ratios typically invoke energy driven flows
(Faucher-Giguère & Quataert 2012) or require a high optical
depth to the AGN, even in the IR (Thompson et al. 2014). While
both of these phenomena might be present in this system, it
is unlikely that they are able to compensate for the nearly two
orders of magnitude factor of ζ . Nyland et al. (2013) were able
to show that momentum driving by coupling to the radio jet
would also be sufficient to drive the outflow, where the radio jet

4. THE MASS AND MASS FLUX
OF THE MOLECULAR OUTFLOW
Placing independent constraints on the mass of the outflowing
material is essential to understanding the nature of the molecular
outflow that exists in NGC 1266. Calculating the mass of the
outflow in NGC 1266 has many uncertainties. When calculating
the mass from the CO emission in Alatalo et al. (2011), the
L(CO)-to-H2 conversion factor is important, and harbors many
uncertainties. An optically thin L(CO)-to-H2 conversion factor
assumes that the observer is seeing all CO molecules in a given
object. This has the effect of creating the smallest possible
conversion to molecular gas mass, assuming solar metallicity
to determine the CO abundance (Knapp & Jura 1976). In most
giant molecular clouds in the Milky Way, however, the molecular
gas is optically thick (i.e., the CO is self-shielding), meaning
8
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mechanical energy of the AGN does not depend on the AGN also
being radiatively powerful. Therefore, this molecular outflow
likely cannot be driven by photons, no matter the source, but the
radio jet is energetically capable of doing so.
To investigate how long it takes a galaxy to deplete its
molecular gas, the rate at which the mass is outflowing is
not the optimal property to investigate, but rather the rate at
which the gas is escaping the galaxy. In NGC 1266, Alatalo
et al. (2014a) presented strong evidence that the gas remains far
longer than would be assumed if one calculated the depletion
time via τdep ≈ Mgas /Ṁout , likely pointing to the fact that gas
that does not escape falls back into the center. As shown in
Figure 8, the vast majority of the outflowing molecular gas
does not have sufficient speed to be driven completely out of
the gravitational potential of NGC 1266. If the mass driving is
not constant, only 2% of the molecular gas will be capable of
completely escaping the galaxy (Ṁesc ≈ 2 M yr−1 ), and the
remaining outflowing gas will rain back down onto the center.
This possibly means that the AGN-driven outflow is extending
the life of the molecular gas in the system, by prohibiting the
molecular gas from forming stars and suppressing SF. At the
current mass escape rate, NGC 1266 will be completely depleted
of gas in 2 Gyr (assuming the only avenue for depletion is
through outflow, if Ṁdep = Ṁout + ṀSFR , τdep is closer to 1 Gyr),
rather than in 85 Myr, as was originally reported in Alatalo et al.
(2011).
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5. TWO POSSIBLE SCENARIOS TO EXPLAIN
THE NGC 1266 NUCLEUS

0.02

There are two possible scenarios that could describe the
activity in the center of NGC 1266, and in particular, the far-IR
emission. Each scenario comes with a set of evidence as well as
caveats. Firstly, NGC 1266 could have a radiatively powerful,
accreting supermassive black hole.17 Pellegrini et al. (2013)
showed that NGC 1266 has molecular line ratios characteristic
of ULIRGs (bright high-order CO transitions and abundant
H2 O) and that the high transitions of CO either must be
powered by strong shocks or an AGN, but that these two
scenarios are degenerate. An AGN, whether radiatively powerful
or intrinsically weak is buried under sufficient molecular gas
to obscure radiation from the mid-IR to the hard X-rays. The
second scenario is that NGC 1266 does not contain a radiatively
powerful AGN, but instead a deeply buried ultra-compact
starbursting cluster that is providing the vast majority of the
radiation, reprocessed into far-IR emission.
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5.1. Scenario 1: a Radiatively Powerful Compton-thick AGN
0.00

Several pieces of evidence point to a radiatively powerful
AGN in NGC 1266. Nyland et al. (2013) detect a high brightness
temperature (>1.5 × 107 K) core at 1.65 GHz with the VLBA
(shown as a cross in Figures 1–4), a brightness temperature two
orders of magnitude larger than the theoretical upper limit to
the thermal emission that a compact starburst is capable of
producing (Condon 1992). While a radio point source does
not necessarily imply the presence of an energetically powerful
AGN, the radio concentration presented by Nyland et al. (2013)
strongly supports the presence of an AGN in the system. The
CS(2–1) map was used to derive a line-of-sight gas column
density in the direction of the AGN to be NH  6 × 1024 cm−2 .
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Figure 8. Molecular spectra of NGC 1266 from CARMA and the IRAM
30 m. The yellow shading represents emission exceeding the escape velocity
(vesc = 364 km s−1 ), dark blue shading for emission exceeding the maximal
stellar rotation velocity determined by SAURON (vrot = 92.4 km s−1 ; Krajnović
et al. 2011). Top: original CO(2–1) spectrum from Alatalo et al. (2011) from
the IRAM 30 m. Middle: the HCN(1–0) emission from CARMA shows broad
wings in both the redshifted and blueshifted directions, beyond the maximal
stellar rotation velocity. This shows that the molecular outflow in NGC 1266
contains dense gas. Bottom: CS(2–1) from CARMA also shows strong signs
of a blueshifted line wing, which confirms that dense gas is taking part in the
molecular outflow in NGC 1266.

17

NGC 1266 does contain a mechanically powerful AGN, evidenced by the
radio jet and the energetics of the powerful molecular outflow (Alatalo et al.
2011; Section 4).
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This obscuring column is considered Compton thick, capable
of burying a substantial AGN and attenuating X-rays. Stern
et al. (2014) were able to use NuSTAR to show that 2–10 keV
X-rays could be completely attenuated in powerful quasars given
a sufficiently large column. If a powerful AGN were present in
NGC 1266, the molecular gas column would be sufficient to
attenuate the majority of its emission.
In Section 2.3, we were able to show that given the hard X-ray
detection from XMM and Chandra, combined with the tentative
detection of broad Fe Kα that all of the total IR luminosity in
the system, as AGN light reprocessed into the far-IR, given an
obscuring column of 6 × 1024 cm−2 . Given that the obscuring
molecular gas is likely clumpy, there are likely lines of sight
that are slightly less dense, which would allow more X-rays to
escape, leading to a smaller AGN luminosity for the modeled
X-ray luminosity.
The mid-IR SED of NGC 1266 is also characteristic of an
AGN, with S8.0 /S4.5 and S5.8 /S3.6 placing the galaxy within the
AGN selection region of Lacy et al. (2004). The excess emission
seen in the mid-IR (between 10 and 100 μm) from the Spitzer
IRS (green) also indicates that an AGN component is necessary
to match the mid-IR SED. Using the Sajina et al. (2012) models
and deriving the luminosity associated solely with the hot dust,
power-law component seen in the SED (Figure 7), we find
the mid-IR luminosity of the AGN component to be at least
4 × 1042 erg s−1 . This estimate does not account for AGN
emission re-radiated from the mid-IR to the far-IR, which is
non-negligible due to the substantial column.
Figure 2 shows that the bulk of the far-IR continuum emission
is coming from a region within 30 pc of the nucleus, rather than
the more extended dense gas in the system. This indicates that a
compact source, such as the AGN, could be providing most
of the dust heating. If we assume that the central compact
continuum source is heated by the AGN, then the compact
emission associated with the AGN accounts for 66% of the
total flux density, and the extended emission accounts for 34%
of the total flux density (after a 30% correction for flux resolved
out by the ALMA beam).
We fit an SED to the central 15 of NGC 1266, finding a far-IR
luminosity of 1.3 × 1010 L (5.2 × 1043 erg s−1 ). Assuming that
the far-IR emission from the central source in the 870 μm image
is powered by the AGN, the IR decomposition (Figure 7) suggests a total AGN luminosity of 8.6×109 L (3.4×1043 erg s−1 ).
Assuming NGC 1266 is currently on the M–σ relation
(McConnell & Ma 2013), with σ1266 ≈ 79 km s−1 (Cappellari et al. 2013), the black hole mass would be ≈1.7 × 106 M .
The bolometric AGN luminosity would, therefore, be about
18% of the Eddington luminosity, suggesting that NGC 1266
has energetics similar to a typical Seyfert galaxy (Ho 2008) if
Scenario 1 is correct.

It is theoretically possible for a ultra-compact starburst to produce the observed compact far-IR emission (Soifer et al. 2000;
Younger et al. 2008; Walter et al. 2009; Hopkins et al. 2010).
The total IR luminosity in the compact core is 8.5 × 109 L ,
with a radius R < 22 pc, has a total luminosity density of
ΣLcore > 5.6 × 1012 L kpc−2 , well below the maximum luminosity density of star-forming cores (1014 L kpc−2 ; Soifer
et al. 2000). Assuming that this luminosity is primarily produced by O-stars (M > 20 M ), with light-to-mass ratios of
≈2300L /M (Salaris & Cassisi 2005), the O-star mass in the
compact region must be at least 3.7 × 106 M (or 8% of the total
enclosed mass in the central region, calculated in Section 2.2)
to sustain the luminosity observed.
The enclosed mass includes the supermassive black hole
within, molecular gas, as well as stars. Using a Salpeter IMF
(Salpeter 1955), the expected total mass fraction of stars with
masses M > 20 M should account for ≈1% of the stellar
mass. The sustainability of this starburst scenario depends on
a top-heavy IMF to account simultaneously for the enclosed
mass and the large luminosity. Although unusual, we cannot
rule out that such a top-heavy IMF might exist in the center
of NGC 1266, given the likely presence of a top-heavy IMF in
the center of the Milky Way (Maness et al. 2007; Bartko et al.
2009). While this ultra-compact region might host 66% of the
SF in the system, it only hosts ≈2% of the dense molecular gas.
This means that the minority of molecular gas is that which is
hosting the vast majority of SF in this scenario.
5.3. Distinguishing between an AGN and
an Ultra-compact Starburst
While the current data are able to put strong constraints on the
size of the emitting ultra-compact core and mass enclosed, they
are not able to definitively identify the source of the radiation.
We need to measure emission coming directly from a Comptonthick AGN, constrain the size of the emitting region such that it
is physically impossible for an ultra-compact starburst to be the
source, or find an alternative measure of SF. Measuring a hard
X-ray flux from NuSTAR observations should both be able to pin
down the average attenuating column along the line of sight to
the AGN. Alternatively, if we are able to show that the luminosity
density within the emitting region exceeds 1014 L yr−1 , we
know it must be an AGN. If observations are able to show that the
radius of the emitting region is smaller than 5.2 pc (d < 10.4 pc
or 0. 07), then we can confirm that an AGN must be the source
of the emission. The new capabilities of ALMA will be able
to reach this resolution, and provide the definitive evidence of
the presence of the AGN. Finally, one might be able to count
individual supernova remnants (SNRs) in NGC 1266 (similar
to what has been done in Arp 220; Parra et al. 2007) using
transatlantic very long baseline interferometry, which should be
able to distinguish between a single point source (Scenario 1: the
AGN) and multiple SNRs (Scenario 2: ultra-compact starburst).

5.2. Scenario 2: an Ultra-compact Starburst
The presence of an AGN in NGC 1266 does not necessarily
confirm the presence of a radiatively powerful AGN. It has
been shown that many low-luminosity AGNs also exhibit Fe
Kα emission (Nandra et al. 2007). Although the molecular
data confirm the Compton-thick line-of-sight column toward the
AGN, we cannot rule out the possibility that preferential linesof-sight in a highly clumpy ISM might allow a larger amount
of the X-ray emission from a weak AGN to escape, meaning
the source of the far-IR luminosity in the compact core is not
definitively due to a radiatively powerful AGN.

6. SF SUPPRESSION IN NGC 1266
Our observations show that the molecular gas is distributed
in a configuration 3. 8 (550 pc) in diameter (Figure 2), with a
surface density measured from the resolved average CS(2–1)
emission to be Σgas ≈ 104 M pc−2 . Such an extreme gas
surface density is more comparable to those found in ULIRGs
than to normal SF galaxies. The continuum emission consists
of a slightly resolved 870 μm compact source (Section 2.2;
Figure 2, top) with a radius ≈22 pc, surrounded by a halo of
10
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Figure 9. SFR surface density (ΣSFR ) vs. gas surface density (Σmol ) of NGC 1266 is compared to other objects including the Milky Way (1: Yusef-Zadeh et al. 2009),
normal star-forming galaxies (2: Kennicutt 1998, 3: Fisher et al. 2013), ULIRGs (4: Iono et al. 2009), high redshift objects (5: Genzel et al. 2010), radio galaxies (6:
Ogle et al. 2010; Section A), and Hickson Compact Group 57a and 57d (7: Alatalo et al. 2014b) on the Kennicutt–Schmidt relation, all renormalized to a Salpeter IMF
in both panels. The solid line represents the Kennicutt–Schmidt relation. The dotted lines represent enhancements/suppressions of the SFR by factors of 10 and 100.
Left: if all molecular gas in the NGC 1266 system is forming stars at the same efficiency (the buried AGN scenario) then the molecular gas is suppressed by a factor of
at least 20, though the free–free emission upper limit places that suppression at 50. Right: separating the dense gas regions in NGC 1266 into the nuclear region and
the outskirt region (buried starburst scenario) shows that while the nucleus would be forming stars at the proper efficiency, the outskirt region of the dense gas would
have to be suppressed by at least a factor of 150. In either scenario, there is substantial dense gas that does not appear to be forming stars efficiently.

lower surface brightness emission visible in the 870 μm radial
profile (Figure 2, bottom), co-spatial with the molecular gas
seen in the CS(2–1) emission. In the compact core emission,
the virial estimate of the mass from H13 CN detection as well as
CS(2–1) emission was three times larger than the integrated gas
surface density, or Σdense,nuc ≈ 3 × 104 M pc−2 .
In Section 3, we estimated the SFR in NGC 1266 from
the free–free emission, we are able to obtain a limit on the
SFR of ≈0.87M yr−1 , with an upper limit determined by the
[Ne ii] emission of 1.5 M yr−1 . Figure 9 shows the mass
surface density versus SFR surface density of NGC 1266 in
both scenarios, compared to other star-forming objects including
the Milky Way (Yusef-Zadeh et al. 2009), normal star-forming
galaxies (Kennicutt 1998; Fisher et al. 2013), ULIRGs (Iono
et al. 2009), high redshift objects (Genzel et al. 2010), radio
galaxies (Ogle et al. 2010), and HCG 57 (Alatalo et al. 2014b),
on the Kennicutt–Schmidt (K-S) relation (Kennicutt 1998).
In the case of the powerful embedded AGN (Scenario 1),
the SF is distributed across the entire dense molecular core.
In the dense gas region, ΣH2 ≈ 104 M yr−1 . The low SFR
surface density places NGC 1266 at least a factor of 50 below
the K-S relation. In the case of an embedded ultra-compact
starburst (Scenario 2), the SF is distributed between the compact
(66%) and the outlying (34%) regions, leading to SFRcore =
1 M yr−1 and SFRoutskirts = 0.5 M yr−1 , and ΣH2 ,core ≈
3 × 104 M yr−1 (and only contains 2% of the dense molecular
gas) and ΣH2 ,outskirts ≈ 104 M yr−1 . Figure 9, Scenario 2 shows
that while the nuclear region of NGC 1266 sits on the K-S
relation (at the upper right corner, with the ULIRGs), the outskirt
region is suppressed by at least a factor of 150. In both scenarios,

the SF in some subset of the dense molecular gas in NGC 1266
is suppressed.
6.1. Driving SF Suppression
In both scenarios, there is a large component of molecular
gas that is not forming stars at normal efficiency. The molecular
gas in the majority of star-forming systems is thought to be in
a rotationally supported disk. Figure 10 demonstrates that there
is a severe kinematic mismatch between the stellar kinematics
and the dense gas kinematics, implying that the dense gas is
not rotationally supported. In order for SF to be suppressed,
some other force must balance gravitational collapse. In normal
galaxy disks, the parameter used to describe this balance is the
Toomre Q parameter (Toomre 1964):
σκ
,
3GΣ
where σ is the gas velocity linewidth, κ is the epicyclic
frequency, G is the gravitational constant, and Σ is the gas
surface density. For NGC 1266, κ ≈ 1.8 km s−1 pc−1 (Alatalo
et al. 2011), σ ≈ 30 km s−1 (Pellegrini et al. 2013), and
ΣH2 ≈ 104 M pc−2 . Molecular disks start collapsing when
Q  1. Using the parameters above, Q ≈ 0.4, which means
that NGC 1266 should be very unstable against gravitational
collapse and therefore forming stars prolifically, which even the
upper limit of SF is unable to support. Figure 10 supports an
alternative explanation. The high velocity linewidth seen in the
spectrum of the CS gas, the disordered motion observed both
in the channel maps as well as the mean velocity map do not
Q=
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Figure 10. Top left: the stellar kinematic map of NGC 1266 from SAURON (Krajnović et al. 2011) is overlaid with the CS(2–1) moment0 map (black contours with
white base contour) and the HST Y-band image (gray contours), showing that the stars in NGC 1266 follow a regular rotation. The CS(2–1) mean velocity map (right).
The mean velocity map lacks any distinct pattern of rotation, and certainly very little in the plane of the larger scale stellar rotation, meaning that it is unlikely that
the dense gas in NGC 1266 is rotationally supported. The CARMA beam is shown on the bottom left of the image, indicating that there are ∼10 resolution elements
across the CS(2–1) map. Bottom left: both the HCN(1–0) (black) and CS(2–1) spectra from CARMA are shown, indicating that the velocity width of the dense gas
(traced by both CS and HCN) exceeds the rotation velocity seen in the stellar rotation. It is of note that both the HCN and CS also include broad line wings.

was dissipated on a timescale τ = Λ/σ ≈ 5.5 Myr, where Λ
is the characteristic scale of the turbulence (assumed 275 pc)
and σgas = 48.5 km s−1 . Indeed, turbulent energy dissipation
is consistent with the large warm H2 luminosity for NGC 1266
(LH2 ,warm ≈ 8 × 1040 erg s−1 ; Roussel et al. 2007; Alatalo et al.
2011). If our explanation is correct, then dissipation of turbulent
energy associated with the outflow (Ekin /τ = 1.3×1041 erg s−1 )
is capable of energizing a large fraction of the H2 line luminosity
of the warm gas. In order to maintain the activity and avoid
the gas collapsing to the center in a free-fall time of tff =
(4π/5 Gρ)−1/2 = 2.8 Myr, the turbulence must be maintained
by constant energy input. This mechanism has been suggested
to explain infertile gas in radio galaxies (Nesvadba et al. 2010;
Guillard et al. 2014), Stephan’s Quintet (Appleton et al. 2006;
Guillard et al. 2012), and NGC 1266. In fact, a re-analysis of
the warm H2 emission in the Spitzer IRS spectrum (taking into
account extinction using the 9.7 μm silicate feature, confirmed
that NGC 1266 is a molecular hydrogen emission galaxy (Ogle
et al. 2006), with L(H2 , warm)/L(7.7 μm PAH) >0.1.
If the driving is due to a radio jet (Nesvadba et al. 2010;
Ogle et al. 2010; Guillard et al. 2012, 2014), then the support
of the gas against gravitational collapse can last at most a few
×107 yr per episode of AGN activity. This could be prolonged
as the vast majority (98%) of the cold molecular gas does
not have speeds exceeding the escape velocity of the galaxy
(Alatalo et al. 2011). This gas will thus rain back onto the
nucleus, re-impart its kinetic energy into the molecular core,
providing longer-timescale energy injection to counterbalance
gravitational collapse. If the gas in NGC 1266 were forming stars
at normal efficiency, the depletion time would be ≈100 Myr, five

represent a face-on disk. In fact, the dense gas emission does not
show the same velocity gradient as is observed in the CO(1–0)
emission from Alatalo et al. (2011). Instead, it is possible that the
bulk of the dense gas (which is closest to the AGN) is distributed
spherically.
In this case, there is an alternative way to balance gravity,
and hinder collapse, namely turbulence injected by the AGN
outflow. In Scenario 1 (AGN), the molecular outflow is likely
to be able to provide a source of that turbulent injection into
the molecular gas as a whole. In Scenario 2 (starburst), it might
be feedback that exists between the dense molecular gas and
both the molecular outflow as well as the winds from the ultracompact starbursting region. Both of these phenomena inject
further turbulence into the outskirt molecular gas, leading to the
observed suppression.
To obtain a rough estimate of the required outflow velocities,
we assume an ordered radial outflow, v rad , as the dominant
component of the kinetic energy. The necessary radial velocity
is then the free-fall velocity for a uniform density sphere:


3GMenc
.
5R
For NGC 1266, with Menc ≈ MH2 ≈ 109 M (Alatalo et al.
2011) and R = 275 pc, the required radial velocity is v rad =
100 km s−1 . Both the CO narrow-band FWHM as well as the
FWHM in the spectrum of CS (Figure 10) are ∼100 km s−1 .
Any bulk motion of this kind would quickly become turbulent
(Appleton et al. 2006, 2013), which could suppress SF until
all the kinetic energy (Ekin = 1/2 MH2 σ 2 = 2.4 × 1055 erg)
vrad =

12
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times too short, given the present stellar population (Alatalo et al.
2014a). If the current SF suppression remains consistent into the
future, then the molecular gas could remain in the nucleus as
long as 7 Gyr, allowing the molecular gas to remain in contact
with the AGN for much longer than has been hypothesized
(Cicone et al. 2014).

The most likely explanation for the suppression of SF in
the dense gas is that turbulence injected by, or during the
formation of, the molecular outflow has been able to balance
the gravitational potential of the dense gas in the center, and
thus turbulent motions are a reasonable explanation for the SF
suppression seen.
Our detailed study of NGC 1266 provides the first example
of an intermediate mass galaxy presenting evidence of SF regulation by an AGN. We further hypothesize that it is an example
of an intermediate mass galaxy building its black hole mass
onto the M–σ relation. As the black hole mass increases, the
maximum AGN luminosity will increase, to the point where
the outflow may be strong enough to expel most of the gas
from the system.

6.2. SF Suppression as a Method for
Maintaining the M–σ Relation
We propose that NGC 1266 contains an AGN whose black
hole is being built up to bring it onto the M–σ relation
following a minor merger event 500 Myr ago. We hypothesize
that prior to this minor merger, the supermassive black hole
within NGC 1266 was on the M–σ relation. This merger event
triggered a burst of SF that increased the mass of the bulge
by about 10% (3 × 108 M ; Alatalo et al. 2014a) and left a
remnant ≈2 × 109 M of gas which failed to form stars in the
initial burst. The corresponding growth in the black hole mass
may have involved multiple cycles of AGN activity over the
past 500 Myr that heavily suppress further SF in the nucleus by
inducing turbulence in the ISM, but which will also eventually
deprive the AGN of fuel. Our results are currently inconclusive
as to whether the AGN is currently in a high accretion rate
phase of its cycle (Scenario 1), or a low accretion rate phase
(Scenario 2). In either case the large amount of gas in the nuclear
region suggests that the cycles will continue until the black hole
becomes massive enough that its Eddington luminosity rises to
the point that the outflow is able to finally expel the remaining
gas. At this point, the black hole mass will match that expected
on the M–σ relation.
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7. CONCLUSIONS
We have presented new CARMA and ALMA observations
of the dense molecular gas and continuum of NGC 1266,
which have updated properties of the mass outflow and SFR
of this AGN-driven molecular outflow system. Using the radio
free–free emission present in the 1 mm band of ALMA, we
have made the most accurate estimate of the SFR in this system
to date, 0.87 M yr−1 (with approximately a factor of two
uncertainty). The [Ne ii]-derived SFR provides an upper limit
to the SFR of 1.5 M yr−1 .
Observations of HCN(1–0), CS(2–1), and H13 CN(3–2) confirm the presence of broad line wings in the dense gas, requiring
an upward revision of the mass outflow rate originally quoted
in Alatalo et al. (2011) from 13 M yr−1 to ≈110 M yr−1 , because an optically thin L(CO)-to-H2 conversion factor did not
apply. Despite this, only ≈2 M yr−1 is escaping the galaxy as
molecular gas. Our higher mass outflow rate suggests that the
driving mechanism responsible for this high momentum ratio
outflow is likely momentum coupling to the radio jet from the
AGN, rather than to photons from either the AGN or a starburst.
There are two possible scenarios that explain the activity in
the nucleus of NGC 1266. Scenario 1, supported by the tentative
detection of Fe Kα and the Compton-thick column of molecular
gas in the line of sight to a VLBA detection, is that the compact
870 μm emission is due to a deeply buried, powerful AGN.
Scenario 2, in which an ultra-compact starburst, buried deeply
under the molecular gas provides the far-IR emission, though
requires a top-heavy IMF to sustain. In either scenario, the SF
in the majority of the dense molecular gas is suppressed by
between 50 and 150.

APPENDIX
RADIO GALAXY POINTS ON THE
KENNICUTT–SCHMIDT RELATION
For the radio galaxies presented in Figure 9, we updated the
original work by Nesvadba et al. (2010), who used the 7.7 μm
PAH-derived SFR from Ogle et al. (2010), and assumed a radius
of 2.5 kpc for all radio galaxies without interferometric CO
maps. We have determined the SFRs for these radio galaxies
using the Spitzer Multiband Imaging Photometer (MIPS) 70
13
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μm images, and measured the total flux within a given aperture,
then converted the 70 μm flux (assuming all flux was from SF)
to a SFR using Calzetti et al. (2010). We have only included
those radio galaxies that had definitively determined radii,
either from CO measurements (3C326N; Nesvadba et al. 2010;
3C293; Evans et al. 1999; 3C31; Okuda et al. 2005) or from
the 8 μm PAH extent derived from Spitzer IR Array Camera
(IRAC) images (Fazio et al. 2004), determined by subtracting
the convolved 3.6 μm emission with a scale factor of 0.26
(Shapiro et al. 2010) from the 8 μm Spitzer data. These updated
radio galaxies on average are more suppressed than the normal
SF galaxies, but not as dramatically suppressed as NGC 1266.
In NGC 1266, all molecular gas has been evacuated except in
the very center (Alatalo et al. 2011). On the other hand, the CO
and SF within radio galaxies are integrated measurements, and
include the entire galaxy. It is likely that the same mechanisms
are present, but the AGN’s dominance does not apply to the
whole of the molecular gas in the radio galaxy systems, as it
does in NGC 1266.
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Krajnović, D., Emsellem, E., Cappellari, M., et al. 2011, MNRAS, 414, 2923
Lacy, M., Storrie-Lombardi, L. J., Sajina, A., et al. 2004, ApJS, 154, 166
Lada, C. J., Lada, E. A., Clemens, D. P., & Bally, J. 1994, ApJ, 429, 694
Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136, 2782
Levenson, N. A., Heckman, T. M., Krolik, J. H., Weaver, K. A., & Zdotycki, P.
T. 2006, ApJ, 648, 111
Liu, G., Zakamska, N. L., Greene, J. E., Nesvadba, N. P. H., & Liu, X.
2013, MNRAS, 436, 2576
Maness, H., Martins, F., Trippe, S., et al. 2007, ApJ, 669, 1024
Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJL, 619, L1
McConnell, N. J., & Ma, C.-P. 2013, ApJ, 764, 184
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