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below). This implies variations in the efficiency with which the
total molecular gas reservoir forms stars, making this small
sample ideal to test the hypothesis that variations in the
molecular gas depletion time are driven by variations in the
dense gas fraction.

2.1. ALMA Molecular Line Observations

As part of ALMA’s Cycle 2 campaign, we observed
HCN(1–0), HCO+ (1–0), CS(2–1), 13CO(1–0), and
C18O(1–0) in four galaxies using ALMA’s main array of
12 m antennas. For the remainder of the paper, we will refer to
these lines as HCN, HCO+, CS, 13CO, and C18O. HCN,
HCO+, and CS all have neff∼104

–105 cm−3 (see Table 1) and
so are expected to trace mainly dense gas (though in the
absence of such gas they can still emit; e.g., Shirley 2015;
Leroy et al. 2017b). The CO isotopologues, 13CO and C18O,
trace lower-density gas, neff∼103 cm−3. The contrast between
the optically thin isotopologues and the optically thick 12CO
emission constrains the optical depth and physical conditions in
the bulk of the molecular gas. We make limited use of 13CO
and C18O in this paper. These data are analyzed in detail by
Jiménez-Donaire et al. (2017a). Fainter lines in the bandpass
were analyzed by Jiménez-Donaire et al. (2017b).

Table 2 gives our adopted position, morphology, orientation,
distance, beam size, and field of view for each target. We
observed seven fields in a hexagonally packed mosaic pointed
toward the center of each galaxy. The mosaic pattern used the
default Nyquist spacing set by the ALMA observing tool.

We observed each galaxy with two spectral setups. The
first covered lines tracing the dense gas: HCN, HCO+, and
CS. The four spectral windows covered 85.4–87.2 GHz, 87.2–

89.0 GHz, 97.2–99.0 GHz, and 99.0–100.8 GHz. The second
spectral setup covered lines tracing the overall distribution of
molecular gas: 13CO and C18O. Those four spectral windows
covered 98.2–100.0 GHz, 96.6–98.4 GHz, 108.5–110.3 GHz,
and 110.3–112.1 GHz. For both setups, we observed using a
channel width of 976.6 kHz (∼3 km s−1 at ν=100 GHz) and
bandwidth of 1.875GHz, sufficient to cover the full velocity
extent of each line in question.

We observed in a compact configuration in order to
emphasize flux recovery and surface brightness sensitivity,

reflecting the faint nature of the dense gas tracers. After
calibration, the HCN observations had 703 (NGC 3351), 630
(NGC 3627), 561 (NGC 4254), and 561 (NGC 4321) baselines,
with minimum and maximum unprojected lengths of 15 and
348 m, respectively, median baseline length of 90–100 m, and
20%–90% range of typically 50–195 m. For reference at the
ν∼89.5 GHz of the HCN and HCO+ lines, 50, 100, and
200 m correspond to ∼13 8, 6 9, and 3 5.

We processed the data using the the CASA software package
(McMullin et al. 2007) and the observatory-provided calibra-
tion scripts. Most of the calibration occurred in CASA version
4.2.2, with one data set calibrated in CASA version 4.3.1. The
calibration scripts were a mixture of the observatory-produced
CASA scripts and calls to the formal ALMA pipeline. In all
cases they are available, along with the data, from the ALMA
archive. After inspecting the pipeline calibrated data, we
imaged each line separately. For the final version of the
imaging, we used CASA version 4.6.0.

We first subtracted continuum emission using the CASA
task uvcontsub and avoiding the frequencies of known
bright lines. We then imaged each cube using natural
weighting, averaging in frequency to produce 10 km s−1 wide
channels, and applying a small u−v taper (2� –3� depending
on the line and target). The taper further emphasizes surface
brightness sensitivity. The small loss of resolution is irrelevant
to the science in this paper because the comparison to tracers of
recent star formation already limits our work to � 5� resolution.

With the taper, but before any other processing, the
synthesized beams in the deconvolved HCN images were
4 2×3 6 (NGC 3351), 4 4×3 7 (NGC 3627), 6 0×3 5
(NGC 4254), and 4 6×3 2 (NGC 4321). The pixel size
adopted during imaging was always chosen to heavily over-
sample the beam. After imaging, we convolved each cube
using the CASA task imsmooth to have a round 8� ×8�
Gaussian beam. This allowed us to beam-match the poorer-
resolution CO and infrared data that are crucial to the analysis.
The final images used in this analysis all have 8� (FWHM)
beams, 10 km s−1 channel width, and 0 5 pixels that heavily
oversample the beam.

Given the u−v coverage mentioned above, we expect
structures larger than ∼14� in a single channel to suffer from
spatial filtering in the ALMA main array data. To account for
this, we combined our 12 m HCN, HCO+, 13CO, and C18O
data with single-dish maps obtained as part of the IRAM
EMPIRE Survey (Bigiel et al. 2016; Cormier et al. 2018, M.
Jimenez Donaire et al. 2018, in preparation). To do this, we
aligned the IRAM maps to the grid of the ALMA data, applied
the primary beam response of the ALMA images to the IRAM
data, and converted the IRAM data to have units of Jybeam−1.
Then we combined the two data sets using the CASA task
feather . After the combination, we verified that the
feathered cube indeed matched the spectral profile of the
IRAM 30 m cube when both were convolved to a common 30�
resolution. Short-spacing data were not available for the CS, so
those data are from ALMA’s main 12 m array only in this
paper.

Table 3 reports the total flux recovered for each line from
each galaxy both with and without the addition of the IRAM
30 m data. We calculate the total flux by summing the pixels in
the original data cubes. The table shows that ALMA recovers
� 95% of the flux for all lines in NGC 3351, which is

Table 1
Lines Observed

Line νrest
a Fiducial τb neff

c

(GHz) (cm−3)
12CO (1–0) 115.27 10 1×102

13CO (1–0) 110.20 0.1 8×102

C18O (1–0)d 109.78 0.1 8×102

CS (2–1)d 97.98 1 7×104

HCO+ (1–0) 89.19 1 4×104

HCN (1–0) 88.63 1 2×105

Notes.
a From Splatalogue (http://splatalogue.net/).
b Typical optical depth. See Jiménez-Donaire et al. (2017a, 2017b) for more
details.
c Density at which the emissivity reaches 95% of its maximum given our
fiducial τ and taking Tkin=25 K. From Leroy et al. (2017b).
d CS(2–1) was only observed by ALMA, not the IRAM 30 m, and so not
covered in NGC5194 and not short-spacing corrected in the other targets.

3

The Astrophysical Journal, 858:90 (29pp), 2018 May 10 Gallagher et al.

http://splatalogue.net/












by HCN (colored contours) over the distribution of
total molecular gas, traced by CO (gray scale). The top right
panel shows the total molecular gas distribution (CO, color

contours) and the stellar structure (traced by 3.6 μm light
in gray scale). In both panels, red ellipses indicate fixed
galactocentric radius, allowing one to visually map to

Figure 1. Our ALMA observations in context for NGC 3351. Top left: HCN contours (color) over CO integrated intensity (gray scale). HCN contours show 0.5
(violet), 1 (blue), 3.5 (green), 6.5 (yellow), 9.5 (magenta), and 12.5 (white) K km s−1. Red rings show fixed galactocentric radius in the plane of the galaxy, spaced by
1 kpc. The filled red circle in the lower left shows the common θ=8� (FWHM) beam used in our analysis. The dashed cyan contour shows the ALMA field of view
for HCN emission. Top right: 3.6 μm map, tracing stellar structure, with CO integrated intensity contours at 10, 60, 110, 160, and 210 K km s−1. Middle left:
azimuthally averaged integrated intensity profiles for CO, HCN, CS, HCO+, and 13CO (see Section 2.10), restricting the average to regions with statistically
significant CO emission. Filled points have S/N�2. Error bars show uncertainty in the mean. Open points indicate upper limits. Middle right: intensity profiles for
tracers of galaxy and ISM structure: CO (tracing molecular gas), Hα, and 24 μm emission (tracing star formation), and contaminant-corrected 3.6 μm emission
(tracing stellar mass). Bottom left: ratio of other lines to CO intensity as a function of radius. Bottom right: ratios among tracers of galaxy and ISM structure, along
with estimated dynamical equilibrium pressure. The radial profiles are available online as described in Appendix C.
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Figure 2. Same as Figure 1, but for NGC 3627.
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