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Abstract

Outflows are one of the most spectacular mechanisms through which active galactic nuclei (AGN) impact their
host galaxy, though the role of AGN-driven outflows in global star formation regulation across the galaxy
population is unclear. NGC 1266 is an excellent case study for investigating outflows and star formation
quenching because it is a nearby (D ~ 30 Mpc) AGN host galaxy with an outflow driving shocks through the
interstellar medium (ISM) and has recently quenched its star formation outside the nucleus. While previous works
have studied the molecular outflow from its CO emission, to fully characterize the impact the outflow has on the
ISM observations probing the dense, cold gas are necessary. Our Atacama Large Millimeter/submillimeter Array
Cycle 0 observations do not detect a molecular outflow in "CO(2-1) and yield a lower limit of 2co / 13Co > 250,
suggestrng a hrghly optically thin CO outflow with low '*CO abundance. In contrast, we detect substantial HCN
(1-0) emission in the outflow, with an HCN(1-0)/ 2C0O(1-0) ratio of 0.09, consistent with global measurements
of many star-forming galaxies and luminous infrared galaxies. We conclude that the CO emission traces a diffuse
component of the molecular gas with a low optical depth, whereas the HCN(1-0) traces dense clumps of gas
entrained in the outflow. We measure an upper limit molecular outflow rate of <85 M. yr'. Assuming the
ongoing nuclear star formation and outflow continue at the same rates, NGC 1266 will deplete its gas reservoir in
450 Myr or longer, indicating that relatively low-level AGN feedback is capable of gradually expelling the
molecular gas reservoir after a rapid quenching event.

Unified Astronomy Thesaurus concepts: Galaxy quenching (2040); Poststarburst galaxies (2176); Molecular gas
(1073); Active galactic nuclei (16)

1. Introduction formation rate of a galaxy is strongly linked to the
Through cosmic time, galaxies evolve from star forming to aforementioned directly observable properties, as the distribu-

quiescent, transforming many of their observable properties trons of these propertres among the galaxy population are
including their morphology, kinematics, and color (E. F. Bell blmotial W.lth two primary galaxy. archetyp.es:. blue, star-
et al. 2007, 2012; O. Ilbert et al. 2013). The global star forming spiral galaxies, and red, quiescent elliptical galaxies
(G. Kauffmann et al. 2003; 1. K. Baldry et al. 2004; S.-W. Jin
et al. 2014). The global star formation rate of a galaxy can be
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J. Gensior et al. 2020), gas disruption from stellar bars (e.g.,
L. Scaloni et al. 2024), outflows and winds from stellar and
active galactic nucleus (AGN) feedback (e.g., C. Feruglio
et al. 2010; E. L. Lambrides et al. 2019), galaxy interactions
and mergers (e.g., D. F. Woods & M. J. Geller 2007;
S. L. Ellison et al. 2008, 2018; J. M. Scudder et al. 2012), and
gas accretion from the intergalactic medium (D. Keres§ et al.
2005). While each of these mechanisms shapes the conditions
that regulate and quench star formation in galaxies, much work
is needed to understand both the relative impacts of galaxy-
scale processes on star formation, as well as the physics
coupling these mechanisms to local cloud properties where
stars form.

Though observational evidence and simulations demonstrate
that feedback from a central supermassive black hole is
necessary to regulate star formation through cosmic time
(R. G. Bower et al. 2006; D. J. Croton et al. 2006; B. A. Terr-
azas et al. 2017, 2020; R. Davé et al. 2019), the physical
mechanisms through which an AGN can impact the host
galaxy’s interstellar medium (ISM) are poorly understood.
AGN feedback is typically classified as either kinetic (radio
mode) or radiative (quasar mode), where the former is
powered by relativistic radio jets at low accretion rates from
the central supermassive black hole, and the latter by radiative
pressure at high accretion rates (A. C. Fabian 2012;
T. M. Heckman & P. N. Best 2014, 2023). In simulations,
AGN feedback is critical in reproducing observed properties of
the Universe, such as the stellar mass distribution function and
the low overall current star formation rate (e.g., G. Kauffmann
et al. 1999; T. Di Matteo et al. 2005; P. F. Hopkins et al. 2006;
M. Vogelsberger et al. 2014; J. Schaye et al. 2015). Further,
observational evidence shows that powerful AGN in massive
central galaxies can expel their gas reserves and heat the
surrounding intergalactic medium, ultimately quenching their
star formation activity by removing the gas and preventing the
surrounding gas from reaccreting onto the host galaxy (e.g.,
A. C. Fabian et al. 2000; B. R. McNamara et al. 2000). While
AGN-driven gas expulsion appears to be an important
quenching pathway for massive galaxies, less massive galaxies
with weaker AGN activity are often unable to totally expel
their molecular gas reservoirs (A. Fluetsch et al. 2019; Y. Luo
et al. 2022). Large-scale simulations further are unable to
resolve the detailed physical conditions of outflows, making it
difficult to determine both how much gas leaves a galaxy and
whether outflows contain dense gas (R. A. Crain & F. van de
Voort 2023).

Furthermore, studies of the molecular gas content of
recently quenched galaxies demonstrate that galaxies can
quench their star formation without gas removal. Poststarburst
galaxies (PSBs) provide an excellent laboratory to study star
formation quenching, as their dominant A-type stellar popula-
tions and lack of ongoing star formation indicate that they have
rapidly quenched their star formation in the past ~1 Gyr.
Many PSBs retain their molecular gas reservoirs after
quenching their star formation (K. D. French et al. 2015;
K. Rowlands et al. 2015; K. Alatalo et al. 2016), though it is
unclear why there is little ongoing star formation in the
remaining molecular gas. One possibility is that outflows
incapable of ejecting the molecular gas from the galaxy may
make the remaining molecular gas inhospitable to star
formation by kinematically heating the gas (K. Alatalo et al.
2011, 2015b; Y. Luo et al. 2022; A. Smercina et al. 2022).
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However, to build a full picture of star formation suppression
in these galaxies, it is necessary to study the denser, cold
phases of the molecular gas that are most proximal to star
formation (e.g., Y. Gao & P. M. Solomon 2004a; J. Wu et al.
2005, 2010; C. J. Lada et al. 2010, 2012).

NGC 1266 is a nearby (30 Mpc, z = 0.007) quenching early-
type galaxy with logM, /M, ~ 10.4, where turbulence injected
by outflows has been suggested as a mechanism driving star
formation suppression (K. Alatalo et al. 2011, 2015b). '*CO
observations of this system show a centrally concentrated, high
surface density molecular gas reservoir with bipolar outflows
(K. Alatalo et al. 2011). Any remaining star formation in this
galaxy is restricted to the nucleus, and thus the bulk of the
molecular gas that is beyond the nucleus has highly suppressed
star formation. The nuclear star formation rate of 0.7 M., yr'
is insufficient to drive previously measured molecular outflow
rates of 10-100 M, yr ' (K. Alatalo et al. 2015b; J. A. Otter
et al. 2024), indicating that the outflow is likely driven by an
AGN. X-ray and Very Long Baseline Array milliarcsecond
resolution radio imaging provide strong evidence that
NGC 1266 hosts an AGN (K. Alatalo et al. 2011; K. Nyland
et al. 2013), though multiwavelength measurements of the
bolometric luminosity of the AGN yield differing results. IR
photometry from K. Alatalo et al. (2015b) indicates a
bolometric luminosity of Lyy ~ 104 erg s~ 1, while optical
spectral energy distribution (SED) fitting from P. Chen et al.
(2023) and X-ray observations from L. Lanz et al. (2025, in
preparation) yield a value closer to 10** erg s~ .

These outflows appear to drive low-velocity C-type shocks
through the molecular gas of NGC 1266, as traced by
rovibrational H,, H,0, and high-J CO emission lines
(E. W. Pellegrini et al. 2013; J. A. Otter et al. 2024). The
presence of shocks in the ISM provides evidence that the
outflow is interacting with the ambient molecular gas in the
galaxy, and thus the outflow could plausibly inject turbulence
into the molecular gas reservoir and contribute to star
formation suppression. However, dense molecular gas tracers
are needed to understand the physics underlying the energy
transfer between the outflow and surrounding ISM and its
impact on star formation. HCN has long been a commonly
used tracer of dense molecular gas because it is relatively
briéght, and t%/pically traces denser gas than CO (around
10°~10* em ™ for HCN and ~10° cm > for CO; Y. L. Shir-
ley 2015; G. H. Jones et al. 2023).

In this work we present archival Atacama Large Millimeter/
submillimeter Array (ALMA) observations of NGC 1266,
focusing on the HCN(1-0) and 13CO(2—1) emission lines. In
Section 2 we describe the observations and data reduction
procedure. In Section 3 we present our results and in Section 4
discuss their implications. Finally, we present our conclusions
in Section 5. Throughout this work, we adopt a Hubble
constant of Hy = 70 kms ™' Mpcfl, Q,,=0.3, and Q4 =0.7
for computing distances and spatial scales.

2. Observations

ALMA Band 3, 6, and 7 observations of NGC 1266 were
obtained with the 12 m array in Cycle 0 in the extended
configuration as part of Program 2011.0.00511.S (PI: K. Alat-
alo). In total, 11 spectral windows were observed, though in
this work we focus on the Band 3 and 6 spectral windows
covering HCN(1-0) and Bco@-1). Specific dates, on-source
times, and configuration information for all observations are
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Table 1
Observations of NGC 1266 from ALMA Cycle 0
Band Date On-source Time Angular Resolution Continuum rms Fifth Percentile Baseline 80th Percentile Baseline Antennas
(s) (arcsec) (mly beam™) (m) (m)
Band 7 2012 Jun 18* 4536.0 0.44 0.107 47.93 233.34 26
Band 7 2012 Aug 24 2721.6 0.55 0.067 39.14 214.52 25
Band 6 2012 Aug 26 2237.8 0.59 0.041 44.16 235.33 25
Band 3" 2012 Aug 27 725.8 1.91 0.071 39.6 215.05 25
Band 6° 2012 Oct 22 2147.0 0.78 0.050 38.11 208.77 23

Notes.

# This observation was split across two observing dates, 2012 June 18 and 2012 July 27.

® Observation of HCN(1-0).
¢ Observation of '>CO(2-1).

reported in Table 1. All observations were centered on the
coordinates of the optical center (03:16:00.76, —02:25:38.40).
These data were calibrated with the observatory-provided
ALMA pipeline using the Common Astronomy Software
Applications package (CASA) version 3.4, as newer versions
of CASA have compatibility issues with Cycle 0 observations
(The CASA Team et al. 2022).

We image the pipeline calibrated data with CASA version
6.6.4 and the task tclean. The measurement sets were
continuum subtracted in u, v space with the CASA task
uvcontsub using line-free channels of each spectral
window. We apply Briggs weighting with a robust parameter
of two (close to natural weighting) to maximize the signal-to-
noise ratio (S/N) of the integrated spectra.

For the HCN(1-0) and ')CO(2-1) observations, we
additionally apply a taper in u, v space to the weighting,
further increasing the beam size and maximizin% the S/N. The
FWHM of the applied taper is 2” and 3” for the '?CO(2-1) and
HCN(1-0) observations, respectively. Finally, we remove
baselines shorter than 30 m (22 k)) for the '*CO(2-1)
observations to remove large-scale artifacts in the imaging.
The final reduced cubes for the HCN(1-0) and '*CO(2-1) have
synthesized beam sizes of (39 x 3'3) and (2.0 x 1'9) and 1o
rms sensitivities of 2.1 x 10~ Jy beam™' and 1.4 x 107 Jy
beam_], respectively, both measured over 11 km s~! channel
widths. The final spectral channel widths of the cubes are 3.23
and 8.09 MHz (corresponding to 11 km s~ for both).

For the remaining spectral windows, we image the
measurement sets with Briggs weighting with a robust
parameter of 0.5 in case any of the line emission is resolved.
We detect a number of molecular lines that we present in
Appendix A.

3. Results and Analysis

We present our fitting results of the HCN(1-0) and
3CO(2-1) spectra, detecting a broad component in the HCN
(1-0) spectrum and no such component in the 13CO(2—1)
spectra. We compare line ratios in our identified outflow and
systemic components to other systems.

3.1. Molecular Gas Extent

In Figure 1, we plot the moment O, 1, and 2 maps for
13CO(2-1) and HCN(1-0). We generate these moment maps
by extracting spectral slabs from +£500 km s~ of the observed
line wavelength, masking all points with flux less than 5 times
the rms noise (measured in a line-free region of the cube).
Finally, we use the spectral-cube Python package

(A. Ginsburg et al. 2019) to create moment maps from these
masked slabs. The '*CO(2-1) emission is spatially resolved,
sEanning a region of approximately 4” (600 pc). The
Bco@-1) velocity field does not show a clear axis of
rotation. The HCN(1-0) emission is unresolved with our 3.9
(560 pc) beam.

We compare the extent of the HCN(1-0), '>*CO(2-1), and
CO(2-1) emission from K. Alatalo et al. (2011) in Figure 2.
The 'CO(2-1) emitting region is similar to the central
CO(2-1) emission, though there is some extended CO(2-1)
emission in the southwest, likely tracing outflowing gas
(K. Alatalo et al. 2011), which is undetected in our
13CO(2-1) observations. For HCN(1-0), the physical beam
size of 560 pc is a conservative upper limit on the emitting
region.

3.2. Gaussian Fitting

We extract our HCN(1-0) and 13CO(2—1) spectra from the
continuum-subtracted cubes in a circular aperture with a radius
of 5”. We fit the spectra with a nonlinear least squares method,
specifically the trust region reflective fitting algorithm as
implemented in scipy. We perform two fits on each
spectrum: one fit with two freely varying Gaussian compo-
nents (labeled as fit A), and another two-component Gaussian
fit but with one component constrained to have
o ~ 145kms~! (fit B), and for the peak velocities of the
components to be within 25 km s~ '. This line width was
chosen to match the best-fitting broad component line width
for CO(2-1) in K. Alatalo et al. (2011), and was also used for
two-component fits of CO(1-0) and CO(3-2) in that work. In
the '>CO and HCN spectra, the two kinematic components
have peak velocities within 20 km s~', so we require that the
components have similar peak velocities for our con-
strained fit.

In Figure 3, we plot the HCN(1-0) and Bcoe-1) spectra
and the constrained and unconstrained fits. For HCN(1-0), the
unconstrained (fit A) and constrained (fit B) fits agree within
the fitting uncertainties so we only plot the unconstrained fit. In
contrast, for '*CO(2-1), the constrained fit (in purple) poorly
matches the spectrum, where the fitted amplitude for the
required wide component is negligible, while the uncon-
strained fit favors two Gaussian components both with
o < 50kms~'. Fit parameters are shown in Table 2. We
compare our unconstrained fitted line profiles with the line
profiles of the original Gaussian fits for CO(1-0), CO(2-1),
and CO(3-2) from K. Alatalo et al. (2011) in Figure 4. The
profiles of the 2CO transitions and HCN(1-0) are all
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Figure 1. Moment 0, 1, and 2 maps of the ALMA Cycle 0 observations of NGC 1266. Only spaxels with S/N > 5 in the moment 0 map are shown. The top row
shows the moment maps for '*CO(2-1), and the bottom row shows the maps for HCN(1-0). The axes are in units of arcseconds offset from the center of the galaxy.
The red ellipse in the lower left corner of the moment O maps show the ALMA beam size. All panels are centered on the coordinates (3:16:00.75, —2:25:38.70).

Table 2
Gaussian Fitting Results for HCN(1-0) and 13CO(2-1) for the Narrow and Broad Components
Line Name Total Flux Narrow Flux Broad Flux Narrow Peak Velocity Broad Peak Velocity Narrow o Broad o
(Jy kms™h (Jy kms™h (Jy km s~ (km s~ (km s~ (km s~ ") (km s~
HCN(1-0) 15+ 4 9.1+ 14 6.1 +3.2 2146 + 3 2159 £+ 17 60 £ 6 143 £ 29
BCo2-1) [fit A] 204 £ 1.1 6.2 + 0.6 14.1 £ 1.0 21433 £ 0.7 2158.8 £ 1.1 26.8 + 1.1 49.1 £ 09
*Co(2-1) [fit B] 203+ 04 19.3 £ 0.2 <0.04* 21509 £ 0.2 2190 + 31° 392+ 0.3 145

Notes. For '*CO(2-1), for fit A we let all parameters vary freely, while for fit B we set the component 2 line width to 145 km s~ '. These fits are plotted with the
spectra in Figure 3. Peak velocities are radio velocities.

? See Appendix B for how this upper limit was derived.

® This value was at the upper bound of the allowed velocity shifts for this fit.

strikingly similar, while the '*CO(2-1) line profile is narrower.
Our fit yields a broad Gaussian component in the spectrum of
HCN(1-0) with o 145 + 30kms™'; this value is in
agreement with the previously measured '*CO broad comp-
onent width of 150 + 7kms~' (K. Alatalo et al. 2011).
Finally, the peak velocity shifts between the two components
are 20 km s~ ! and below for the CO and HCN spectra, and are

consistent with zero for all of these spectra except CO(2-1),
which has a velocity shift of 10 +£4 km s~ .

Thus, we interpret this wide component as originating from
the molecular outflow, though higher spatial resolution
observations are needed to discern the three-dimensional
kinematics and the outflow. Hereafter, we refer to the wide
component as “outflow,” and the narrow component as
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Figure 2. Molecular gas extent in multiple gas tracers. The color map shows
the CO(2-1) emission, the teal contours show the '3CO(2—1) emission, and the
green contours show the unresolved HCN(1-0) emission. The contour levels
correspond to 15%, 30%, 60%, and 90% of the maximum flux. The green, red,
and teal ellipses show the beam size for the HCN(1-0), CO(2-1), and 3co
(2-1) observations, respectively.

“systemic.” For the 13CO(2-1), we do not detect the wider
outflow component, and are only able to place an upper limit
on the flux from the wide component. We determine this upper
limit by simulating spectra with the same Gaussian fit
parameters as the observed '*CO(2-1) spectrum except for
the relative amplitudes of the two components. We add noise
to the spectrum consistent with the S/N of the observed
spectrum, and find that our nondetection of the outflow
component conservatively indicates that the flux of the wide
component is no more than 2% of the narrow component flux,
yielding an outflow flux upper limit of ~0.4 Jy km s™'. More
detail on this method is given in Appendix B.

3.3. Line Ratios

In Figure 5, we plot the HCN/'>CO line ratio for the
combined, narrow (systemic), and broad (outflow) components
of both lines. We include integrated measurements of other
samples, including star-forming galaxies and luminous infra-
red galaxies (LIRGs) from Y. Gao & P. M. Solomon (2004b),
LIRGs from the GOALSs survey (G. C. Privon et al. 2015),
PSBs from K. D. French et al. (2015), and early-type galaxies
from A. Crocker et al. (2012). We see that both the outflow
and systemic components of NGC 1266 have relatively high
HCN/]2CO ratios (0.09 £0.06 and 0.066 +0.011, respec-
tively), though some other early-type galaxies and LIRGs host
similar ratios.

In Figure 6, we plot HCN/'*CO(1-0) and '>CO/"*CO(1-0)
line ratios for NGC 1266 and other samples of galaxies. We
convert our *CO(2-1) fluxes and upper limits using the total
BCO(1-0)/(2-1) ratio of 1.5+0.4 for NGC 1266 from
A. Crocker et al. (2012) because the other galaxy samples have
3CO(1-0) rather than '*CO(2-1) observations. In making this
conversion, we assume that the integrated 3Co(1-0) /(2-1) is
the same as that of the systemic and outflow components
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individually. However, this is an imperfect assumption as we
would expect the outflowing gas to be at a higher temperature
and thus at higher excitation, resulting in a lower than assumed
13CO(l—O) /(2-1) ratio and an overestimation of the 13CO(l—O)
flux. Because we only measure an upper limit for the '*CO
outflow flux, variations in the >*CO(1-0) /(2-1) ratio make this
a more conservative upper limit.

Both plotted line ratios in Figure 6 vary greatly in the
outflow and systemic components. We measure a
2C0(1-0)/"*CO(1-0) ratio of 10+ 3 in the systemic comp-
onent and a lower limit of >250 in the outflow, usinig the same
narrow and broad fit components from the 2CO(1-0)
spectrum (K. Alatalo et al. 2011). While the systemic
component has a similar 2co / 13CO(l—O) ratio to other
early-type galaxies, the very large lower limit ratio in the
outflow is %reater than any of the plotted galaxies. For the
HCN(1-0)/ 3CO(I—O) ratio, the systemic component is
consistent with the other early-type galaxies with a ratio of
0.7 £ 0.2, while the outflow component has another highly
elevated ratio of <23. We discuss these results in more depth
in Section 4.2.

We compare our total measured line ratios to the ratios
measured with IRAM from A. Crocker et al. (2012). For
HCN/ 2CO, A. Crocker et al. (2012) measure a ratio of
0.128 £ 0.020 for NGC 1266, as compared to the total
HCN/'>CO ratio of 0.075+0.020 we measure for
NGC 1266. K. Alatalo et al. (2011) compare the '*CO(1-0)
flux they measure with CARMA to the single dish IRAM flux
from A. Crocker et al. (2012) and find that CARMA recovers
20% more flux. To see if a 20% loss of flux in '*CO can
explain this discrepancy, we divide the '*CO flux by 1.2, and
find an HCN/ 12CO ratio of 0.090 + 0.020, nearly consistent
with the A. Crocker et al. (2012) value within the uncertainties.

For the '3CO line ratios plotted in Figure 6, A. Crocker et al.
(2012) measure an HCN/'>CO(1-0) ratio of 3.947073 and a
2C0/"CO(1-0) ratio of 30.973§. Both of these ratios are
greater than our measured values plotted in Figure 6,
indicating that our observations recover a relatively greater
3CO flux. Our greater '*CO flux measured with ALMA may
be due to pointing errors with IRAM: the '>CO emission is
compact (as shown in Section 3.1) compared to the 22” beam
size of IRAM, and thus minor pointing errors could lead to
poor flux recovery if the emission is no longer centered in
the beam.

4. Discussion

We discuss possible explanations for the lack of a detected
broad component in the 13CO(l—O) spectrum while also
detecting an outflow in the HCN(1-0). We revise previous
estimates of the total outflow mass rate of NGC 1266 and
implications for the evolution of this system.

4.1. Optically Thin CO Emission in the Outflow

As shown in Figure 6, the flux ratio of
12CO(l—O)/BCO(l—O) varies significantly in the systemic
and outflow components of the CO emission. The two factors
that tyPically drive variations in the CO isotope ratio
(IZCO/ 3CO(1-0)) are varying abundances and the optical
depth of the gas. The primary abundance effects that may Elay
a role are fractionation, which could increase the °CO
abundance without requiring a higher '>C abundance, and a
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Figure 3. ALMA HCN(1-0) and Bcoe-1) spectra of NGC 1266. Left: HCN(1-0) spectrum in gray bars. The red solid line is the unconstrained two-Gaussian fit of
the spectrum (fit A). The two red dotted lines show the narrow and wide Gaussian components. Below, the colored bars show the residuals of the plotted fits. Right:
all symbols are the same as the left, but with '>*CO(2-1). The thick purple dashed line is the two-Gaussian fit of the spectrum with the broad Gaussian component
having a fixed width of ¢ = 145 km s~ (fit B). The two thinner purple dashed lines show the narrow and broad Gaussian components of this fit. The zero velocity is
set to a redshift of 0.0072. Fit parameters are given in Table 2. We detect a narrow and wide component in the HCN(1-0) spectrum, while the '*CO(2-1) spectrum is

consistent with a single component.

direct enhancement of 'C from stellar reprocessing
(W. D. Watson et al. 1976; K. Alatalo et al. 2015a). However,
fractionation requires low gas kinetic temperatures (below 35
K), which are unlikely given the shock excitation of the
molecular gas (E. W. Pellegrini et al. 2013; J. A. Otter et al.
2022). Stellar reprocessing is also an unlikely driver of the
difference in '“CO / 13 CO(1-0) between the outflow and
systemic molecular gas, as the outflowing molecular gas was
likely previously intermixed with the systemic gas before
being launched by the outflow, less than 10 Myr ago
(K. Alatalo et al. 2011).

Thus, the primary difference in 12CO/ 3CO(1-0) can be
attributed to differences in the optical depth of the outflow and
systemic molecular gas components. In a completely optically
thin medium, we would expect 12CO/ 13 CO(1-0) to be the
same as the '>CO / 13CO abundance ratio, which ranges from
~20 to ~100 in the Milky Way, increasing with Galacto-
centric distance (e.g., W. D. Langer & A. A. Penzias 1990;
G. Luo et al. 2024; Y. Sun et al. 2024). Our observed outflow
2C0/"CO(1-0) lower limit of 250 is far greater than this
typical abundance ratio. This discrepancy indicates that it is
likely that the abundance of '*CO in the outflow is lower than
what has been previously measured in the Milky Way. It is
possible that the outflowing molecular gas could include
unprocessed gas from outer regions of the galaxy, thus driving
down the '*CO abundance. However, even with a low Bco
abundance in the outflow, it is still unlikely that the outflowing
molecular gas is optically thick. High kinetic temperatures and
velocity dispersions can decrease the optical depth of a
molecular line, and thus a low outflow optical depth is
consistent with the measured outflow kinetic temperature of
100 K from K. Alatalo et al. (2011).

From our measured *CO(2-1) outflow flux upper limit we
compute an upper limit H, column density of the outflow
component following J. L. Pineda et al. (2010), yielding

NH,) =74 x 10%° cm 2, assuming an abundance ratio of
2C0/"CO of 69 (T. L. Wilson 1999) and an H,/'*CO ratio
of 107*. Over the circular aperture of the spectrum, we
measure an upper limit mass of outflowing CO-emitting gas of
2.8 x 10" M., This upper limit is consistent with the outflow
mass measured by K. Alatalo et al. (2011) of 2.4 x 10" M,
using '’CO observations and assuming the emission is
optically thin.

4.2. HCN Diagnostics

The HCN/ 2CO flux ratio is typically considered a tracer for
the “dense gas fraction” of the molecular gas (e.g., Y. Gao &
P. M. Solomon 2004b; J. Wu et al. 2010; G. H. Jones et al.
2023). We plot a histogram of the HCN(1-0)/ 2CO(1-0) flux
ratio in Figure 5 for the outflow and systemic components of
NGC 1266 as well as star-forming galaxies and LIRGs in the
top panel, and PSB and early-type galaxies in the lower panel.
The integrated and systemic HCN/'2CO ratio in NGC 1266 is
consistent with typical LIRGs, exceeding the ratio presented
by most star-forming and early-type galaxies. In LIRGs, this
high ratio is typically interpreted as indicative of a plethora of
cold, dense gas, resulting in enhanced star formation
efficiency. However, in NGC 1266, the overall star formation
efficiency is suppressed rather than enhanced (K. Alatalo et al.
2015b; J. A. Otter et al. 2024), indicating that there is either a
significant reservoir of dense gas that is unable to efficiently
form stars, or that the HCN emission is enhanced through other
means.

However, we note that the HCN/ 12CO ratio is sensitive to
varying abundances, excitations, electron densities, and
opacities (P. P. Papadopoulos 2007; P. F. Goldsmith &
J. Kauffmann 2017; A. K. Leroy et al. 2017). In galactic
environments and star-forming galaxies, HCN is a relatively
reliable tracer of dense molecular gas (J. Wu et al. 2010;
J. Pety et al. 2017; A. Onus et al. 2018), but in extreme
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Figure 4. Fitted two-component Gaussian line profiles of various molecular
lines in NGC 1266. Three '2CO transitions from K. Alatalo et al. (2011) are
plotted: "*CO(1-0) in a dotted blue line, '*CO(2-1) in a dashed orange line,
and '>CO(3-2) in a dotted—dashed green line. From this work, we plot the
profile of HCN(1-0) in the thick solid black line, and 3CO(2-1) in a thick
dashed purple line. All profiles have been normalized for comparison. The
gray bars show the observed HCN(1-0) spectrum. The '2CO (from K. Alatalo
et al. 2011) and the HCN(1-0) line profiles are similar, while the 1BCO line
profile is more narrow (this work).

environments like the nuclei of LIRGs, the physical conditions
of the gas can be significantly different from typical star-
forming environments (R. I. Davies et al. 2003; A. O. Petric
et al. 2011). In NGC 1266, the physical conditions of the gas
traced by the systemic and outflow components are likely
different from each other. The HCN in the outflow may be
enhanced through shocks, as observed in Mrk 231 (S. Aalto
et al. 2012). Shocks can increase the HCN abundance due to
high temperatures, resulting in more HCN emission, an effect
that has previously been observed in galactic outflows
(Y.-N. Su et al. 2007; T. Liu et al. 2011). NGC 1266 hosts
significant shocked molecular gas in the central 500 pc
(. A. Otter et al. 2022), making shock enhancement of HCN
likely. However, without observations of more HCN transi-
tions, it is unclear how much of the HCN emission is due to
shocks and the properties of the HCN-emitting gas.

In addition, despite the high critical density of HCN
transitions, gas below this density may dominate the HCN
emission with subthermally excited HCN. HCN could be
radiatively excited by IR pumping or X-ray-dominated regions
(S. Aalto et al. 2007; K. Sakamoto et al. 2010). However,
previous studies of the high-J CO and H,O spectral line energy
distributions exclude significant contributions from either of
these mechanisms, instead favoring shock excitation
(E. W. Pellegrini et al. 2013).

4.3. Dense Gas in the Outflow

Overall, the lack of a wide component in the '>CO line profile
is most likely due to the CO emission tracing optically thin gas in
the outflow. However, the broad profile of the HCN emission
indicates that there is dense gas also in the outflow. While these
two observations seem contradictory, they can be reconciled by
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Figure 5. Histogram of the HCN(1-0)/ 12C0(1-0) flux ratio for a variety of
galaxy samples. Bars enclosed by solid lines show measured ratios, and bars
enclosed by dashed or dotted lines with hatches show upper and lower limits
respectively. The solid vertical line corresponds to the measured NGC 1266
value with single dish observations (A. Crocker et al. 2012), while the dotted
and dashed vertical lines show the decomposed systemic and outflow ratios
from this work, respectively. The top plot includes star-forming galaxies and
LIRGs from Y. Gao & P. M. Solomon (2004b) in blue and teal bars,
respectively. Pink bars show LIRGs from the GOALS survey (G. C. Privon
et al. 2015; R. Herrero-Illana et al. 2019). In the lower plot, red bars show
early-type galaxies from the ATLAS3D survey (L. M. Young et al. 2011), and
purple bars show PSGs from K. D. French et al. (2023). The “dense gas
fraction” in all components of NGC 1266 is more similar to LIRGs than other
early-type galaxies.

considering a multiphase, clumpy outflow. In this model, dense
clumps of HCN-emitting gas may be entrained in the outflow,
resulting in the broad HCN component. Then the majority of the
broad '“CO emission traces diffuse, optically thin molecular gas
surrounding the dense clumps, and no '*CO is detected in the
outflow. In this scenario, it is unclear whether the HCN-emitting
gas was in preexisting dense clumps of gas that were swept into
the outflow, or if the HCN emission originates from molecular
gas compressed and heated by shocks driven by the outflow.

The presence of dense molecular gas in the outflow of
NGC 1266 makes it one of a handful of systems where dense
gas has been detected in the outflow. These systems include
(U)LIRGs (Mrk 231 and IRAS 13120-5453S. Aalto et al.
2012; G. C. Privon et al. 2017), starburst galaxies (NGC 253
and NGC 1808; D. Salak et al. 2017; F. Walter et al. 2017),
and Seyfert II galaxies (NGC 1068 and M51; S. Garcia-Burillo
et al. 2014; S. Matsushita et al. 2015). NGC 1266 does not fit
any of these categories because it is not actively forming stars
beyond the nucleus and lacks a radiatively powerful AGN, but
hosts a high surface density, centrally concentrated molecular
gas reservoir similar to many of the aforementioned systems.
Further studies of the radio emission of NGC 1266 may reveal
whether nascent radio jets are the driving mechanism of the
outflow (J. A. Otter et al. 2026, in preparation).

T. Michiyama et al. (2018) propose a similar multiphase
molecular outflow model for NGC 3256, a dual-nucleus
merging LIRG. The outflow is driven by a low-luminosity
AGN with collimated, extended radio structures similar to
what we observe in NGC 1266. In faster regions of the
outflow, they observe more HCN emission and lower-
excitation CO emission, leading them to conclude that the
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Figure 6. The HCN(1-0)/"*CO(1-0) flux ratio and the '*CO(1-0)/"*CO(1-0)
flux ratio for NGC 1266 and a number of other galaxies. The outlined orange
hexagon shows the A. Crocker et al. (2012) single dish observations, while the
outlined orange square and diamond show the decomposed outflow and
systemic components from this work, respectively. Because we do not detect
13CO(1-0) in the outflow, the flux ratios for the outflow are limits. In blue
diamonds, we plot LIRGs from the GOALS survey (G. C. Privon et al. 2015;
R. Herrero-Illana et al. 2019). Black squares show Seyfert host galaxies and
green stars show starburst galaxies compiled by M. Krips et al. (2010). Red
pentagons show ATLAS3D early-type galaxies (L. M. Young et al. 2011). The
filled teal quadrilaterals show the range of measured values from spatially
resolved observations for each star-forming galaxy in the EMPIRE survey
(M. J. Jiménez-Donaire et al. 2019). Finally, the olive hexagon corresponds to
L1157, a shocked region in our Galaxy (T. Yamaguchi et al. 2012). Unfilled
markers are limits.

CO and HCN are tracing diffuse and clumpy phases of the
outflow, where the high-velocity outflow compresses and
shocks the molecular gas resulting in excess HCN emission.
Our observations build a similar physical picture, indicating
that these properties of molecular outflows may not be unique.

M51, a nearby Seyfert 2 host galaxy, also has HCN detected
in its outflow, though the proximity of this galaxy enables
higher spatial resolution studies. S. Matsushita et al. (2015)
resolve multiple clumps of gas in the nuclear region, finding
that the kinematics of the CO and HCN emission are similar,
including clumps of gas entrained in the outflow. Therefore,
both the dense gas traced by HCN and the more diffuse CO-
bright gas are captured by the outflow, as we propose is the
model for NGC 1266.

Another object with similar spectral profiles as observed in
NGC 1266 is L1157, a Galactic dark cloud with ongoing low-
mass star formation. This cloud hosts an outflow with broad
profiles in 2co, HCN(1-0), and other dense gas tracers, while
the line profiles of '*CO and C'®0 are narrow. T. Umemoto
et al. (1992) conclude that there are dense gas clouds entrained
within the molecular outflow, as we observe on a larger scale
in NGC 1266.

4.4. Revised Outflow Mass

Though the total outflow mass of NGC 1266 has gone
through multiple revisions, with our two-phase model and
HCN observations we can provide further constraints on the
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outflow mass. Initially, the outflow mass was based on the
CO(2-1) emission from K. Alatalo et al. (2011). They used
RADEX to derive the physical properties of the outflowing
molecular gas from the CO(1-0), (2-1), and (3-2) single dish
observations, finding a volume density of n = 10° cm 2 and a
kinetic temperature 7 ~ 100 K. Assuming that the CO
emission is entirely optically thin, K. Alatalo et al. (2011)
derived an outflow molecular gas mass of 2.4 x 107 M.

However, K. Alatalo et al. (2015b) noted that dense gas
tracers, including HCN, showed wings in their spectra, thus
indicating that the outflowing molecular gas is optically thick.
Using a conversion factor typical for ULIRGs of aco ~ 1 M,
(Kkm s ! pc_z)_1 (e.g., D. B. Sanders et al. 1988; D. Downes
& P. M. Solomon 1998), they measured a molecular outflow
mass of 2 x 10® M, corresponding to a mass outflow rate of
110 M, yr".

To derive an outflow mass from our HCN(1-0) and
13CO(Z—I) observations, we must treat the gas as multiphase.
The conversion factor from HCN luminosity to molecular gas
mass (agcen) is understudied relative to the more common
aco, especially for a galaxy like NGC 1266 with a complex
ISM. For Galactic star-forming regions, the typical agcen
employed is 20 M., pc % (K km s™)~' (J. Wu et al. 2010).
However, observations of HCN(1-0) in different conditions
indicate that this conversion factor is sensitive to a number of
ISM properties, including metallicity, turbulence, excitation
properties, and far-UV flux (J. Gracid-Carpio et al. 2008;
S. Garcia-Burillo et al. 2012; Y. Shimajiri et al. 2017). In
LIRGs, high amounts of turbulence, temperatures, and
excitation in the ISM may all contribute to lowering the value
of agen (S. Garcia-Burillo et al. 2012). Though NGC 1266 is
not an LIRG, the shock-excited ISM conditions are likely to be
more similar to LIRGs than typical star-forming galaxies, as
shown in Figures 5 and 6, resulting in a likely decreased ayen.
With the great uncertainty in aycn, we calculate the total
outflow mass using the canonical value of aycn = 20 M, pc?
(K km s™H™, resulting in a total outflow mass of 2.2 x 108
M. Combining this with the diffuse molecular gas, we find a
total molecular outflow mass of 2.4 x 10® M. To convert this
to a mass outflow rate, we assume a similar spatial extent of
the HCN(1-0) emission as the '>CO emission (a maximum
outflow extent of 460 pc) and thus use the same dynamical
time of the outflow as K. Alatalo et al. (2011) of a conservative
2.6 Myr. These assumptions yield a total mass outflow rate of
85 M., yr'. We emphasize that this outflow rate is valid only
if the HCN-emitting gas in the outflow is in relatively typical
star-forming conditions, so it should instead be considered an
upper limit on the total outflow mass because apcy is likely
overestimated. This upper limit is below the K. Alatalo et al.
(2015a) outflow mass rate of 110 M., yr™' because they assume
the CO emission in the outflow is optically thick. While the
lack of a broad component in the BCco@-1) spectrum
indicates that the CO emission is actually optically thin, our
mass outflow rate assumes the HCN(1-0) is optically thick;
which is presumably a more robust assumption because HCN
traces higher-density gas, and is thus more likely to be
optically thick. To verify the optical depth of the HCN
emission, observations of isotopologues are necessary, while
observations of higher-/ HCN emission lines would constrain
the excitation properties of the HCN. While our observations
include detections of H'’CN(3-2) and HC'°N(3-2) (fluxes
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reported in Appendix A), the spectra are too noisy to identify
whether a broad, outflow component is present.

The large mass outflow rate we compute is surprising given
the likely low bolometric luminosity of NGC 1266’s AGN.
From F. Fiore et al. (2017), other galaxies with molecular
outflows of similar mass outflow rates (20100 M, yr') tend
to have AGN with bolometric luminosities ranging from
10* to 10* erg s~ ', multiple orders of magnitude greater
than previous estimates of NGC 1266’s bolometric luminosity
of 10%-10* erg s™' (K. Alatalo et al. 2015b; P. Chen
et al. 2023).

4.5. NGC 1266’s Outflow in Context

Our measured HCN(1-0) outflow mass rate bolsters
previous claims that the outflow in NGC 1266 is AGN driven
rather than driven by residual nuclear star formation. Though
measurements of the star formation rate in NGC 1266 vary, the
highest upper limit star formation rate estimate is from the
total infrared luminosity, yielding a value of 2.2 M, yr ', far
too low to power a mass outflow rate of 85 M, yr~' (K. Alatalo
et al. 2015b). Further, NGC 1266 likely hosts a weak AGN, as
shown in SED fitting (K. Alatalo et al. 2015b; P. Chen et al.
2023), and observed directly with the Very Long Baseline
Interferometer (K. Nyland et al. 2013).

However, the role of this likely AGN-driven outflow in the
evolution of NGC 1266 is still unclear. While AGN-driven
outflows are often cited as a driver of gas expulsion during
quenching, many observed outflows in the nearby Universe
appear unable to effectively eject the molecular gas reservoirs
(e.g., Y. Luo et al. 2022). For galaxies with nonejective
outflows, it is unclear whether the outflow contributes to star
formation regulation by driving turbulence through the gas
reservoirs, or if these outflows are concurrent with quenching
but not physically necessary for quenching to occur.

In NGC 1266, we consider whether the observed outflow is
capable of expelling the molecular gas reservoir. As noted in
K. Alatalo et al. (2015b), only a fraction of the molecular gas
in the broad component exceeds the escape velocity and thus
could be ejected from the galaxy. As we measure the same
broad component velocity width in the HCN(1-0) emission as
K. Alatalo et al. (2011), using their derived inner-disk escape
velocity of ve,e = 340 kms™', only ~2% of the molecular gas
in the outflow may be ejected. Then, the outflow mass escape
rates are only <0.2 M., yr " and 1.7 M, yr™* for the '>*CO(2-1)
and HCN(1-0), respectively. With a molecular gas reservoir of
1.1 x 10° M, (K. Alatalo et al. 2011), if the outflow were to
continue at this mass ejection rate, the depletion time for the
molecular gas reservoir would be ~650 Myr. If we include star
formation as a source of gas depletion, using the nuclear star
formation rate of 0.7 M., yr ' (J. A. Otter et al. 2024), the gas
depletion time is reduced to 450 Myr.

Given that NGC 1266 underwent a quenching event
~500 Myr ago (K. Alatalo et al. 2014), if star formation and
the outflow were to continue removing molecular gas at this
rate, NGC 1266 would maintain a reservoir of molecular gas
for about 1 Gyr after beginning to quench. This timescale is
consistent with the finding of K. D. French et al. (2018) that
poststarbursts tend to lose their molecular gas approximately
0.7-1.5 Gyr after the peak of the starburst. While we are
unable to predict whether the outflow in NGC 1266 will
continue ejecting molecular gas at a similar rate, our study of
NGC 1266 indicates that gas removal through the poststarburst
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phase could be plausibly achieved through relatively low-level
AGN activity and residual star formation.

However, the outflow may still have impacts on star
formation regulation on shorter timescales before the gas is
expelled. Previous works have proposed that the outflow in
NGC 1266 injects excess turbulence into the surrounding ISM,
thus suppressing star formation (K. Alatalo et al. 2011).
Turbulent star formation suppression due to AGN feedback is
an attractive mechanism by which PSGs are able to retain their
molecular gas reservoirs after quenching their star formation,
and a few PSBs have been observed to have potentially high
turbulent pressures in their ISM (A. Smercina et al. 2022).
While very high spatial resolution molecular line observations
are necessary to study this turbulence directly, the presence of
HCN(1-0) emission in the molecular outflow indicates that
denser phases of molecular gas are swept in the outflow,
though the origin of this gas is still unclear. Higher resolution,
multitransition observations are necessary to determine
whether the outflow heats the gas kinetically (i.e., by driving
turbulence), through shock excitation, or a combination of
these two. In total, our work is consistent with the outflow
playing a twofold role in star formation regulation after the
quenching episode in NGC 1266: first by disrupting dense gas
necessary for star formation, and second by slowly expelling
the remaining molecular gas, ensuring that the galaxy remains
quiescent (barring further cold gas accretion).

5. Conclusions

In this work, we present ALMA Cycle 0 observations of
HCN(1-0) and 'CO(2-1) in NGC 1266. We make the
following conclusions.

1. We detect a broad kinematic component in the HCN
(1-0) spectrum with very similar kinematics to the
molecular outflow previously detected in '>CO, and
conclude that there is HCN-emitting gas in the outflow.

2. We do not detect any broad kinematic component in the
13CO(2—1) emission. We conclude that the CO-emitting
gas in the outflow is optically thin.

3. The systemic component of the emission has '*CO/'>CO
and HCN/"?CO flux ratios consistent with other early-
type galaxies, whereas the lack of a '>CO detection in the
outflow drives the high '>CO/"*CO and HCN/'*CO flux
ratios.

4. The HCN-emitting gas likely traces a denser phase of the
outflow than the diffuse gas traced by optically thin CO
emission. This denser phase may be concentrated in
clumps entrained in the outflow, while the surrounding
molecular gas traced by CO is warm, diffuse, and
optically thin. We are unable to determine whether the
HCN-emitting gas was previously in clouds that were
swept into the outflow, or if the high velocity of the
outflow shocks and compresses molecular gas, making
the molecular gas more dense.

5. We measure a revised upper limit outflow escape rate of
1.7 M., yr'' by assuming a standard aycx of 20 M,
(K km s")~!. This value yields a minimum molecular
gas depletion time of 450 Myr.

6. This depletion time indicates that low-level AGN activity
is likely capable of slowly expelling the molecular gas
through the poststarburst phase, potentially resulting in
long-term quiescence.
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High spatial resolution HCN observations are needed to
confirm the multiphase nature of the molecular outflow by
directly observing entrained clumps of dense gas in the
outflow. Further, a variety of HCN transitions would also
allow greater characterization of the entrained clouds; it is
unclear how dense or warm these clouds are, and how much of
the HCN emission is due to shock excitation. Finally, more
detailed study of outflow-driving mechanisms, such as
potential nascent radio jets in NGC 1266, are needed to
determine whether the current outflow in NGC 1266 is likely
to continue as these jets grow, or if the outflow is a remnant of
previous AGN activity that is unlikely to continue at a
consistent rate. Overall, our results indicate that AGN
feedback could plausibly regulate star formation in multiple
ways: on short timescales by heating dense molecular gas thus
suppressing ongoing star formation, and over ~1 Gyr time-
scales by slowly expelling the remaining molecular gas
reservoirs, leaving the galaxy quenched and devoid of gas.
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Appendix A
Molecular Line Detections

In addition to the molecular lines discussed in the main text,
the observations in Program 2011.0.00511.S include the
detection of a number of other molecular lines. We present a
list of these molecular lines and their measured fluxes in
Table 3. To improve our S/N, we spectrally rebin each
spectrum using SpectRes (A. C. Carnall 2017) to a spectral
resolution of 33 km s~ ', and fit each line with a Gaussian as in
Section 3.2.
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Table 3
Measured Fluxes for All Molecular Lines Detected
Emission Line Rest Frequency Flux
(GHz) (Jy kms™ ")
HCOT(43)® 346.998344 35103
SiO@8-7)® 347.330631 0254981
Sio(7-6)® 303.92696 0.7:32,
CH;0H 2(1,1)-2(0,2)+— ® 304.208 5.0%
CH;0H 1(1,0)-1(0,1)+— 303.367 3.0493
HCO+(3-2)© 260.255339 10095
Si0(6-5) 260.51802 L1575
HN3C(3-2) 261.263 0.975¢7
HC'*N(3-2) 258.157 109754
H'*CN(3-2) 259.012 2.054%
SiO(5-4) 217.10498 111598
H,S 2(2,0)-2(1,1) 21671 04407
SiO(2-1) 86.84696 0.961932,

(a)

Note. Lines with matching superscripts (* and ®) are blended, and may be

contaminated.

However, we are unable to accurately determine the continuum
levels of the emission due to the lack of continuum-only spectral
windows and high density of spectral features in some spectral
regions. Due to the lack of reliable continuum measurements, we
opt to fit a flat continuum for each spectrum by selecting line-free
channels. We fit a flat continuum, and then estimate a range of
possible continuum values by eye. We then fit the lines using
these different continuum values and use the maximum and
minimum fitted fluxes to estimate the uncertainty.

Appendix B
Two-component Upper Limit Estimation

To estimate an upper limit on the relative flux of a
nondetected, broad (o = 145 km s_l) Gaussian component in the
3CO(2-1) spectrum shown in Figure 3, we use the following
method. We simulate the '*CO(2-1) spectrum with two Gaussian
components and add noise such that the peak S/N is 88, as we
measure in the observed spectrum. We measure the S/N in the
original spectrum by taking the peak flux divided by the standard
deviation of the line-free continuum regions. We set the widths of
both Gaussian comgponents equal to the widths derived from the
constrained fit of '>CO(2-1) (fit B) in Table 2. The width of the
broad component, o = 145 km s_l, was held constant for this fit,
as this is the width of the broad component in the HCN(1-0) and
2co spectra. We create 100 simulated spectra, with the ratio of
amplitudes between the two Gaussian components ranging from
1x10™ to 1. We then fit each simulated spectrum with two
Gaussian components, using the same methodology used to fit
our observed spectrum, and measure our recovered amplitude
ratio between the two fitted components.

We repeat this process 1000 times, and plot the recovered
amplitude ratio versus the true amplitude ratio in Figure 7. We
plot a dashed horizontal line at our measured amplitude ratio
from the observed spectrum of 0.005. The maximum true
amplitude ratio corresponding to the this recovered amplitude
ratio in our simulations is about 0.02. Hence we conservatively
adopt 0.02 as an upper limit amplitude ratio between the two
components in our observed spectrum, indicating that the
amplitude of the broad component in our observed 3CO(2—1)
spectrum is at most 2% of the amplitude of the narrow
component.
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Figure 7. We plot the true amplitude ratio of a simulated spectrum of narrow
and wide Gaussians with noise added versus the amplitude ratio recovered by
our fit in blue points. The solid line is where the true and recovered amplitude
ratios are the same. The horizontal dashed line corresponds to the recovered
amplitude ratio of our observed '*CO(2-1) spectrum, and the vertical dashed
line is the upper limit true amplitude ratio for this value.
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