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“The overview talks should focus future discussion on 
what the upgrade will better enable in their particular area 
of expertise, rather than summarizing what has been done 
to date.”    —SOC

Ideas for exciting science with wSMA on nearby galaxies?



wSMA in the ALMA era

•Northern Sky, Nearby targets 

• δ(ALMA) < +47°. Ω(no ALMA)= 0.54 π str = 13% of sky 

• SMA ≈ ALMA                                                                       
for same linear resolution and Tb sensitivity                    
when SMA targets are 5 times closer 

•High Site/Submm  (compared to NOEMA) 

•Wide Bandwidth  (28 GHz compared to ~7GHz with ALMA) 

•Wide FOV 

•Intermediate Resolution (~3”) 

•Path Finder (quick turnaround, easy access) 

•Time Domain (UT coverage, high cadence)

for el. > 20° or 20 % for el.(ALMA) < 30°
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Northern Nearby Galaxies

for el. > 20° or 20 % for el.(ALMA) < 30°

name Dec.[°] D [Mpc] note
M82 +70 4 nearest/protorype starburst
M81 +69 4 LLAGN, variable
IC 342 +68 5 face-on spiral, starburst
Maffei 2 +60 4 starburst
NGC 6946 +60 5 face-on spiral, starburst
Arp 299 +58 48 merger, LIR=1011.9L⊙

Mrk 231 +57 172 nearest quasar (LIR=1012.5L⊙) 
Mrk 273 +56 155 ULIRG (LIR=1012.1L⊙)
M101 +54 7 face-on spiral
M51 +47 9 face-on spiral, LLAGN
NGC4051 +45 13 Seyfert
NGC 1275 +41 69 3C84, AGN(Sy)
M31 +41 1 Andromeda galaxy
NGC4151 +39 19 Seyfert (binary BH?) 
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• δ(ALMA) < +47°. Ω(no ALMA)= 0.54 π str = 13% of sky

next talk

Other LIRGs 
UGC5101,  
VII Zw 031, 
NGC6090, 
NGC4194, …



Northern Nearby Galaxies

•(face-on) spirals : M31, M81, IC342, NGC6946, M101, M51 

•molecular cloud properties, SF-law, spiral arm/density wave 

•Starbursts : M82, IC342, Maffei 2, NGC6946, … 

•elevated SF (SF-law, m.c. properties in SB), evolution (trigger, 
feedback, quenching) 

•Merger/U,LIRG: Mrk 231, Mrk273, Arp 299 (NGC3690+IC694) 

•extreme SF (SF-law, mol. gas properties in extreme SB), 
evolution(trigger, feedback), Eddington-limit SF 

•AGN : Mrk 231, NGC1275 (3C84), 3516, 4051, 4151; M81, M51 

•feeding/feedback, effects of AGN (X-ray, jet) on ISM, AGN time 
variability



Northern Nearby Spirals

M31, M81, IC342, NGC6946, M101, M51 (<10Mpc)

4’x2.5’ @ 1” (40pc) in CO(1-0)      (Schinnerer+’13)
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Figure 1. CO(1–0) line emission in the central 9 kpc of M51a as observed by the PAWS project. The integrated intensity map is shown in a square-root scaling
to emphasize the distribution of the faint emission (top left) and a linear scaling (top right; overlaid with contours at 40, 80, 160, and 320 K km s−1 of the linear
representation that is used in the subsequent figures). The locations of the three regions used for the pixel-by-pixel analysis are shown in the bottom-left panel.
Comparison of the CO intensity map with the THINGS H i robust intensity map tracing the atomic gas is presented in the bottom-right panel. In the bottom-left corner
of each panel, a scale bar representing 500 pc at the assumed distance of M51 and the CLEAN beam of the CO(1–0) data are shown.

4. COMPARISON OF CO(1–0) WITH
ISM AND STELLAR TRACERS

The study of potential relationships between molecular gas
line emission, namely CO, and other tracers of the ISM and
stellar populations from various ages at cloud scales can provide
new insights in the underlying physical processes linking these
emissions. In particular, the wide range of galactic environments
(i.e., bulge/disk, spiral arm/interarm) sampled by the PAWS
FoV could help to discriminate between different origins for
existing correlations. After a description of the CO emission
in the central ∼9 kpc as seen by PAWS (Section 4.1), we
evaluate the correspondence between CO emission and the ISM
(Section 4.2) and stellar (Section 4.3) tracers in this section. In
Section 5, we discuss potential physical causes for the relations
and deviations seen. All the findings are placed in the wider
context of galactic environment in Section 6.

In the following, we compare the distribution and intensity
of the CO(1–0) molecular line emission with other prominent
ISM tracers such as the atomic gas emission lines, optical
extinction, hot dust and polycyclic aromatic hydrocarbons
(PAHs) emission, and RC. In order to study the relation of the
molecular gas to recent and former star formation, we compare
the distribution of the CO(1–0) line emission to line emission
and thermal RC of H ii regions, the light from (young) stellar
clusters, the UV continuum from young to intermediate aged
stars (∼100 Myr), as well as the light emerging from the old
stellar population. In order to capture the different aspects of
the relationship between these tracers, we present the data in
classical two-dimensional maps using the images at their native

resolutions, a polar projection including a cc analysis, and a
pixel-by-pixel analysis after convolving all data to a common
resolution of 3.′′0.

The polar coordinate system is very powerful for studies of
spiral arms as it allows for an easy assessment of their properties.
We use a linear 4π presentation of the azimuthal angle (with
“0” corresponding to west and a counter-clockwise direction)
and a linear projection for the radius. Before re-projection, all
images were convolved to the resolution of the 3.′′0 PAWS
data cube and re-gridded to its pixel scale. We converted all
flux scales to units of “per pixel area.” The polar cc allows
for a quantitative assessment of azimuthal offsets between
two different tracers (see Appendix B for details). With this
definition, a Φ > 0 offset for, e.g., star formation tracers, implies
that gas is flowing through the spiral mode inside corotation for a
given perturbation to the gravitational potential. Several patterns
(or perturbations) have been identified in the disk of M51 with
different pattern speeds (e.g., Meidt et al. 2008; Vogel et al.
1993; Elmegreen et al. 1989; Tully 1974). A detailed analysis
of the various patterns and their associated pattern speeds (see
the Appendix of Meidt et al. 2013) suggests that at any given
radius (probed by the PAWS FoV) one is inside a corotation
resonance and thus the expected reversal of gas flow beyond
the corotation resonance expected for a single pattern is not
observed.

To illustrate the differences between the different tracers and
the CO emission more quantitatively, we utilize pixel-by-pixel
diagrams plus an additional environmental mask separating
the central disk from the spiral arms and the interarm region
(Figure 1, bottom left). The density of the data points is
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Figure 1. CO(1–0) line emission in the central 9 kpc of M51a as observed by the PAWS project. The integrated intensity map is shown in a square-root scaling
to emphasize the distribution of the faint emission (top left) and a linear scaling (top right; overlaid with contours at 40, 80, 160, and 320 K km s−1 of the linear
representation that is used in the subsequent figures). The locations of the three regions used for the pixel-by-pixel analysis are shown in the bottom-left panel.
Comparison of the CO intensity map with the THINGS H i robust intensity map tracing the atomic gas is presented in the bottom-right panel. In the bottom-left corner
of each panel, a scale bar representing 500 pc at the assumed distance of M51 and the CLEAN beam of the CO(1–0) data are shown.

4. COMPARISON OF CO(1–0) WITH
ISM AND STELLAR TRACERS

The study of potential relationships between molecular gas
line emission, namely CO, and other tracers of the ISM and
stellar populations from various ages at cloud scales can provide
new insights in the underlying physical processes linking these
emissions. In particular, the wide range of galactic environments
(i.e., bulge/disk, spiral arm/interarm) sampled by the PAWS
FoV could help to discriminate between different origins for
existing correlations. After a description of the CO emission
in the central ∼9 kpc as seen by PAWS (Section 4.1), we
evaluate the correspondence between CO emission and the ISM
(Section 4.2) and stellar (Section 4.3) tracers in this section. In
Section 5, we discuss potential physical causes for the relations
and deviations seen. All the findings are placed in the wider
context of galactic environment in Section 6.

In the following, we compare the distribution and intensity
of the CO(1–0) molecular line emission with other prominent
ISM tracers such as the atomic gas emission lines, optical
extinction, hot dust and polycyclic aromatic hydrocarbons
(PAHs) emission, and RC. In order to study the relation of the
molecular gas to recent and former star formation, we compare
the distribution of the CO(1–0) line emission to line emission
and thermal RC of H ii regions, the light from (young) stellar
clusters, the UV continuum from young to intermediate aged
stars (∼100 Myr), as well as the light emerging from the old
stellar population. In order to capture the different aspects of
the relationship between these tracers, we present the data in
classical two-dimensional maps using the images at their native

resolutions, a polar projection including a cc analysis, and a
pixel-by-pixel analysis after convolving all data to a common
resolution of 3.′′0.

The polar coordinate system is very powerful for studies of
spiral arms as it allows for an easy assessment of their properties.
We use a linear 4π presentation of the azimuthal angle (with
“0” corresponding to west and a counter-clockwise direction)
and a linear projection for the radius. Before re-projection, all
images were convolved to the resolution of the 3.′′0 PAWS
data cube and re-gridded to its pixel scale. We converted all
flux scales to units of “per pixel area.” The polar cc allows
for a quantitative assessment of azimuthal offsets between
two different tracers (see Appendix B for details). With this
definition, a Φ > 0 offset for, e.g., star formation tracers, implies
that gas is flowing through the spiral mode inside corotation for a
given perturbation to the gravitational potential. Several patterns
(or perturbations) have been identified in the disk of M51 with
different pattern speeds (e.g., Meidt et al. 2008; Vogel et al.
1993; Elmegreen et al. 1989; Tully 1974). A detailed analysis
of the various patterns and their associated pattern speeds (see
the Appendix of Meidt et al. 2013) suggests that at any given
radius (probed by the PAWS FoV) one is inside a corotation
resonance and thus the expected reversal of gas flow beyond
the corotation resonance expected for a single pattern is not
observed.

To illustrate the differences between the different tracers and
the CO emission more quantitatively, we utilize pixel-by-pixel
diagrams plus an additional environmental mask separating
the central disk from the spiral arms and the interarm region
(Figure 1, bottom left). The density of the data points is
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- GMC lifetime 
- local variation of these 
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Spitzer/SINGS,LVL

M31, M81, IC342, NGC6946, M101, M51 (<10Mpc)
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M51
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M31, M81, IC342, NGC6946, M101, M51 (<10Mpc)

2°x0.5° @23” (85pc)      
Nieten+’06 
 IRAM 30m

M51

CO(1-0)

possible VERY-LARGE project



Technical Wish List

• Fantastic to have multi-pixel receivers 

• Nice to have IF=4-20 GHz for stacking analysis of 
non-12CO lines

RF=[230,246]+[254,270] 
— 
 CO(2-1)       @230.5 
 CS(5-4)        @244.9 

 SiO(6-5)      @260.5  
 HCN(3-2)    @265.9 
 HCO+(3-2)  @267.6 
—

RF=[330,346]+[354,370] 
— 
13CO(3-2)      @330.6 
CO(3-2)         @345.8 

HCN(4-3)      @354.5 
HCO+(4-3)    @356.7 
HNC(4-3)      @362.6 
—



Starburst-Prototype : M82

M82

Keto et al.  2005 
1”(17pc)

of the ISM or the slow loss of the internal energy of molecular
clouds.

2. OBSERVATIONS AND DATA ANALYSIS

The observations were made using the Millimeter Array at the
Owens Valley Radio Observatory (OVRO). Approximately 64 hr
of data were collected on a number of dates during the winter sea-
sons of 1999 and 2000. Data from two phase centers, the left and
right sides of the galaxy, located at (! ; " )J2000:0 ¼ (9h55m53:s19;
69"40051B9) and (9h55m48:s33; 69"40044B0), respectively, were
combined to form an image of the central 1 kpc ; 0:5 kpc of
M82 made up of two overlapping beams of 2500 diameter sep-
arated by 2500. The correlator was tuned to 230.53799 GHz, the
rest frequency of CO(2–1), with a spectral resolution of 4MHz
(#5 km s$1) in 128 frequencies. The channels were Hanning
smoothed in the data processing to achieve a final spectral res-

olution of 10.4 km s$1 per channel. Baselines ranged from 20
to 180 kk, covering the range of spatial scales from approxi-
mately 100 to 1000 or 17 to 170 pc in linear scale at the distance
of M82. Calibration, done in the MIR data reduction package
developed at OVRO and the Submillimeter Array, used the
Seyfert galaxies NGC 1275 (3C 84) and 0923+392 (4C 39.25)
for amplitude and gain calibration and the quasar 3C 273 for
bandpass calibration.Mapping was done with the National Radio
Astronomy Observatory (NRAO) AIPS software. The FWHM
of the synthesized beam was 1B0 ; 0B8, and the rms noise per
channel was 0.01 Jy beam$1.
The integrated intensity of the CO(2–1) emission above a

threshold of twice the rms noise or 2 # ¼ 0:02 Jy beam$1 is
shown in Figure 1. The map shows a number of large cloud com-
plexes along the major axis of the galaxy, which is viewed nearly
edge-on. The smallest clumps depicted in the map are unresolved.

Fig. 1.—Integrated intensity of CO(2–1) emission in the central region of M82 in color and in contour. The contours are in multiples of 10% of the peak flux of
8:57 ; 104 Jy beam$1 km s$1; an extra contour is drawn at the 5% level. The epoch of the coordinates is J2000.0. [See the electronic edition of the Journal for a color
version of this figure.]

KETO, HO, & LO1064 Vol. 635

Chandra

SMA
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Figure 10. Schematic picture of the central starburst region of NGC 253 (see discussion in Section 5). The morphology is based on Figure 1 of B13 with the chemistry
added.

We have detected three hydrogen recombination lines (H40α,
H50β and H52β) that show a centrally concentrated morphol-
ogy (similar to the underlying continuum emission) that is dis-
tinctly different from all molecular gas tracers.

Finally, we report some tentative identifications, including
the aldehydes CH3CHO and NH2CHO, cyanides CH2CN and
CH3CH2CN, and a number of organics of similar complexity,
CH2CO, HCOOH, and CH3CH2OH. The first vibrational state
of the 12CO(1–0) line is also possibly detected. If follow-up,
multi-line studies confirm these IDs then they would represent
the first extragalactic detections of the above species.
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NSC and ASIAA (Taiwan), in cooperation with the Republic of
Chile. The Joint ALMA Observatory is operated by ESO, AUI/
NRAO and NAOJ. The National Radio Astronomy Observatory
is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
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Figure 4. Collection of key molecular gas tracers in NGC 253. From top left to bottom right: CO(1–0) (main molecular gas tracer), C17O(1–0) (optically thin tracer
of the molecular gas), C2H (PDR tracer), H40α (radio recombination line), HCN (high density gas tracer), HNCO (shock tracer). The crosses and labels (bottom left
panel) mark the different regions defined in the galaxy. Logarithmic contours start at 1 K km s−1 and increase/decrease (white/gray) by a factor of three from one
contour to the next. The beam size is indicated in the bottom left corner of each panel.

Table 2
NGC 253 Positions

Region R.A. (2000.0) Decl. (2000.0)

1 00 47 33.041 −25 17 26.61
2 00 47 32.290 −25 17 19.10
3 00 47 31.936 −25 17 29.10
4 00 47 32.792 −25 17 21.10
5 00 47 32.969 −25 17 19.50
6 00 47 33.159 −25 17 17.41
7 00 47 33.323 −25 17 15.50
8 00 47 33.647 −25 17 13.10
9 00 47 33.942 −25 17 11.10
10 00 47 34.148 −25 17 12.30
Map 00 47 33.100 −25 17 17.50

Notes. Coordinates of the 10 regions in NGC 253 (indicated
in Figure 4) for which intensities have been measured (see
Table 3). The coordinates of (0, 0) reference position of the
maps is also given.

CH2CO, HCOOH, and CH3CH2OH. These molecules are abun-
dant in the Galactic center (e.g., Cummins et al. 1986) and are
expected to be detectable at our sensitivity in NGC 253. If
follow-up, multi-line studies confirm these IDs then they would
represent their first extragalactic detections.

3.4. Excitation and Abundances

When appropriate, an estimate of abundances is made for
the detected species. Molecular column densities Nmol are
determined assuming optically thin LTE emission:

Nmol =
(

3kQeEu/kTex

8π3νSulµ
2
0gu

)
Imol, (1)

where Sul is the line strength, and gu and Eu are the upper state
degeneracy and energy, respectively, Q is the partition function,
µo is the dipole moment in debye, and Tex is the excitation
temperature associated with the transition (e.g., Turner 1991).
For the symmetric (CH3SH) and asymmetric (HNCO, H2CS)
tops Q is proportional to T

3/2
ex , whereas Q for the linear rotors

(the rest) is proportional to Tex.
To calculate abundances it is necessary to adopt an Tex. Since

this survey covers only one band, gas excitation is not the focus
of this project. The only lines that are detected and directly
constrain gas excitation is a pair of SO transitions, SO(32–21)
and SO(22–11). From this pair, an excitation temperature is
estimated via

Tex = 10.09 K

ln
(

R
2.18

) , (2)

where R is the intensity ratio, SO(32–21)/SO(22–11). Toward the
inner nuclear disk this ratio has a value of R ≃ 2.5. There is some
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Figure 2. Extracted spectrum near the center of NGC 253 (position 5 in Figure 4), on a logarithmic scale. To deal with subtle issues regarding the bandpass calibration,
the data have been independently continuum subtracted for each spectral window. After that, the average continuum flux density in a given spectral window was
added to the spectrum. The flux density offset between the observations obtained in the compact and extended configurations is real; the observations in the compact
configuration recover more of the extended flux. As in Figure 1, identified molecular spectral lines are labeled (secure: bold, tentative: italics, see Table 1 for full
description of transitions).

Integrated line maps. We created line cubes for each line,
and then blanked those with a mask derived from the CO(1–0)
line (by far the brightest line in the bandpass). The integrated
intensity map for a given line was then derived by simply adding
all data in the respective data cube (without any further flux
cutoff). Integrated line maps are corrected for primary beam
attenuation and are shown in Figure 3.

Uncertainties. We calculated error maps by taking the number
of channels per pixel into account. An inspection of the data
cubes revealed that these error maps provide too optimistic
uncertainties, as they do not account for artifacts (in particular
the negative “bowl” due to the missing short spacings) in
the current data. We thus adopt a conservative 10% error for
pixels that have been detected at high S/N (> 10), where
the noise N is from taken from our error maps. For pixels
that are detected at lower S/N (5 < S/N < 10) we adopt
an even more conservative 30% uncertainty, to also account
for possible issues in baseline determination. We ignore all
pixels that have a S/N < 5 in the analysis that follows. We
present our line intensity measurements toward 10 positions in
NGC 253 (Figure 4, coordinates in Table 2) in Table 3. Toward
the center of the galaxy (in particular region 6, Figure 4) line
emission is observed against strong continuum (L14). Some
resulting absorption will decrease the integrated line signal at
these locations. Because of this the fluxes toward this location
should be considered highly uncertain.

Spatial filtering. As ALMA is an interferometer it acts as
a spatial filter, sampling only a range of spatial scales. So
the observations will potentially resolve out some flux. In the
compact (extended) configuration spatial scales of 12–47 kλ
(23–100 kλ) (90th percentile) were sampled, corresponding to
4.′′4–18′′ (2′′–9′′). Hence the observations should adequately
sample fluxes uniform over ∼10′′ (in one channel). The one
exception to this is 12CO(1–0), which has been zero-spacing
corrected and therefore detects all flux (see discussion in B13).

It is not possible to estimate the percentage of detected flux
for every line in the survey because suitable single-dish ob-
servations are often not available. We do, however, determine
this fraction for a number of transitions where possible. For
the following transitions we calculate detected flux percentages
over single-dish beam of ∼22 ′′ – ∼28′′ of: HCN(1–0)—100%
(Paglione et al. 1995), HCO+(1–0)—55% (Martı́n et al. 2009b),
C17O(1–0)—60% (Henkel et al. 2014), SiO(2–1)—110%
(Martı́n et al. 2009b), CN(1–0;(3/2) – (1/2))—60% (Henkel
et al. 2014), C2H(1–0;(3/2) – (1/2))—60% (Nakajima et al.
2011), and HNCO(404–303)—50% (Nguyen-Q-Rieu et al. 1991;
though this value is highly uncertain because HNCO does not
peak where Nguyen-Q-Rieu et al. pointed). Therefore, it appears
that the data consistently detect at least 50% of their respec-
tive single dish fluxes. Furthermore our discussion focuses on
the compact clumps of emission, where much higher fractions
of the flux are detected (!90%). (In fact, spatial filtering of
the interferometer actually affords advantages because it allows
the separation of these compact structures from any extended
diffuse medium that can dominate single-dish observations.) Fi-
nally, we avoid comparing line intensities derived from different
array configurations wherever possible in this study, to further
mitigate against differences in resolved flux. Hence we con-
clude that uncertainties in line ratios due to different degrees of
missing flux are "10%.

3. RESULTS

3.1. The Nucleus of NGC 253

The nucleus of NGC 253 is characterized by the inner portion
of NGC 253’s large-scale bar: The highly inclined (i ≃ 78 deg)
nuclear disk extends from the very center out to a radius,
r ! 370 pc. In some transitions emission is seen out to the edge
of the mosaic. The outer part of the nuclear disk (the “outer
nuclear disk”) is suggested to represent the location where
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Figure 2. Spectra of the central 6′′ (1 kpc) of NGC 4418. Major lines are marked at the redshift of the galaxy (2100 km s−1). Full line names are in Table 1. Velocity
axes are given for strong lines. Baselines of the shaded parts of the spectra are the continuum levels. Pairs of arrows in the top-right and bottom-left panels mark the
frequencies of the HCO+(v2 = 1) doublet. Scaled spectra of 3C273 from the same observations are also plotted to verify passband calibration.

with two vibrational levels, v = 0 and 1, whose energy gap is T0
in temperature. Each vibrational level has rotational sub-levels
labeled with J. For a molecule at (v,J) = (0,J) there exist ap-
proximately e−T0/Tvib molecules at v = 1 that will spontaneously
decay to the (0,J) state. Thus, the rate of spontaneous transition
to (0,J) from v = 1 is e−T0/TvibAvib, and radiative excitation of
the J level at v = 0 through v = 1 needs

e−T0/TvibAvib ! Arot J ⇔ Tvib ! T0

/
ln

Avib

Arot J
, (2)

where Avib and Arot are the Einstein A coefficients for the vibra-
tional and rotational transitions, respectively. This is equivalent
to Equation (6) of Carroll & Goldsmith (1981) but is more useful
when Tvib is available. Similarly, the radiative excitation through
v = 1 exceeds collisional (de)excitation among v = 0 rotational
levels when

e−T0/TvibAvib ! ncol γJ, J−1, (3)

where ncol is the number density of the main collision partner

and γJ, J−1 is the collisional rate coefficient. In other words,
radiative pumping to v = 1 is equivalent to a gas density
e−T0/TvibAvib/γJ, J−1 in terms of the rotational excitation around
J at v = 0. Parameters for HCN are T0 = 1024 K and
Avib = 3.7 s−1 for the bending mode (Ziurys & Turner 1986) and
γJ, J−1 ≈ 1 × 10−11 cm3 s−1 for HCN–H2 collisions at J "10
and gas kinetic temperatures 30–300 K (Dumouchel et al. 2010).
For the observed Tvib of 227 K, the rate e−T0/TvibAvib is 0.04 s−1

and 20 times larger (faster) than Arot J=4−3. The minimum Tvib
to satisfy Equation (2) is 86, 137, and 218 K for J = 1, 4, and
10, respectively. Thus, the observed Tvib satisfies Equation (2)
for Js up to about 10. The IR-pumping through v2 = 1 matches
nH2 ∼ 109 cm−3 for our Tvib according to Equation (3), although
this is somewhat overestimated because collisional transitions
are not limited to |∆J | = 1 and half of the vibrational transitions
are in the Q branch where ∆J = 0.

The relatively low rotational temperature Trot(v2 = 11f ; J ∼
4) = 31 ± 13 K probably suggests that the system is not in local
thermodynamic equilibrium (LTE). A note of caution here is
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Figure 2. Spectra of the central 6′′ (1 kpc) of NGC 4418. Major lines are marked at the redshift of the galaxy (2100 km s−1). Full line names are in Table 1. Velocity
axes are given for strong lines. Baselines of the shaded parts of the spectra are the continuum levels. Pairs of arrows in the top-right and bottom-left panels mark the
frequencies of the HCO+(v2 = 1) doublet. Scaled spectra of 3C273 from the same observations are also plotted to verify passband calibration.

with two vibrational levels, v = 0 and 1, whose energy gap is T0
in temperature. Each vibrational level has rotational sub-levels
labeled with J. For a molecule at (v,J) = (0,J) there exist ap-
proximately e−T0/Tvib molecules at v = 1 that will spontaneously
decay to the (0,J) state. Thus, the rate of spontaneous transition
to (0,J) from v = 1 is e−T0/TvibAvib, and radiative excitation of
the J level at v = 0 through v = 1 needs

e−T0/TvibAvib ! Arot J ⇔ Tvib ! T0

/
ln

Avib

Arot J
, (2)

where Avib and Arot are the Einstein A coefficients for the vibra-
tional and rotational transitions, respectively. This is equivalent
to Equation (6) of Carroll & Goldsmith (1981) but is more useful
when Tvib is available. Similarly, the radiative excitation through
v = 1 exceeds collisional (de)excitation among v = 0 rotational
levels when

e−T0/TvibAvib ! ncol γJ, J−1, (3)

where ncol is the number density of the main collision partner

and γJ, J−1 is the collisional rate coefficient. In other words,
radiative pumping to v = 1 is equivalent to a gas density
e−T0/TvibAvib/γJ, J−1 in terms of the rotational excitation around
J at v = 0. Parameters for HCN are T0 = 1024 K and
Avib = 3.7 s−1 for the bending mode (Ziurys & Turner 1986) and
γJ, J−1 ≈ 1 × 10−11 cm3 s−1 for HCN–H2 collisions at J "10
and gas kinetic temperatures 30–300 K (Dumouchel et al. 2010).
For the observed Tvib of 227 K, the rate e−T0/TvibAvib is 0.04 s−1

and 20 times larger (faster) than Arot J=4−3. The minimum Tvib
to satisfy Equation (2) is 86, 137, and 218 K for J = 1, 4, and
10, respectively. Thus, the observed Tvib satisfies Equation (2)
for Js up to about 10. The IR-pumping through v2 = 1 matches
nH2 ∼ 109 cm−3 for our Tvib according to Equation (3), although
this is somewhat overestimated because collisional transitions
are not limited to |∆J | = 1 and half of the vibrational transitions
are in the Q branch where ∆J = 0.

The relatively low rotational temperature Trot(v2 = 11f ; J ∼
4) = 31 ± 13 K probably suggests that the system is not in local
thermodynamic equilibrium (LTE). A note of caution here is
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on the right. Blue arrows are the rotational transitions that we detected.
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data (15–68 m). We did not subtract continuum in order to later
determine the continuum and lines in the spectra. There are two
calibration notes. First, we took the spectral index of 3C273 into
account in our gain calibration in order to accurately scale the
flux of our two sidebands. We used the spectral index α = −1.0
(for Sν ∝ να), the mean of our March and May measurements.
Second, we verified our passband calibration by setting aside a
fraction of 3C273 data when determining passband shapes and
by applying the same calibration to the galaxy and the 3C273
data. The flatness of the resulting test 3C273 spectra confirmed
our calibration.

3. RESULTS

Strong continuum and line emission were detected at the
nucleus of NGC 4418. No extended emission was detected
off the nucleus except CO(3–2) that was marginally resolved.
Any missing flux in our data is estimated to be less than our
calibration error on the basis of the ratio of our flux to single-dish
flux, 0.82 ± 0.19 for CO(3–2) (Yao et al. 2003) and 1.21 ± 0.19
for HCO+(4–3) (S. Aalto et al. 2011, in preparation).

Our spectra and emission parameters in the central kpc
are presented in Figure 2 and Table 1. The strongest line
is CO(3–2) followed by HCN and HCO+ in both (4–3) and
(3–2), CS(7–6), and N2H+(3–2). We also identified H13CN and
vibrationally excited HCN next to the CO and HCO+ lines,
respectively. Although both are at about +400 km s−1 from the
systemic velocity of the adjacent brighter lines, they cannot
be a high-velocity gas because such a feature is absent in
CO(2–1) (Figure 3). This HCN is excited in its bending mode
(v2 = 1), and the line is one of the l-doublet (l = 1f). The other
line (l = 1e) is only −38 km s−1 from the ground state HCN

line and indistinguishable. At even lower levels, our data show
line features that we attribute to HC15N and HC3N. The data
plausibly contain more lines, e.g., on both sides of HCN(3–2).
Line density is high, and we are approaching the confusion limit.

The continuum, which we determined from “line free”
channels (details are in Table 1), has a spectral index of
α = 2.7 ± 0.5 in our data excluding the 350 GHz USB. It is
consistent with previous submillimeter measurements (α ∼ 2.9;
Dunne et al. 2000; Yang & Phillips 2007). The 350 USB
continuum is an outlier with α = 6.25 ± 0.84 between the
350 GHz sidebands (cf. α = 2.40 ± 1.04 between our 270 GHz
sidebands). The 350 USB “line free” channels may thus contain
blended lines. The contamination would be 23 mJy (i.e., 12%)
if we scale the LSB continuum with α = 3. This possible error
is not included in Table 1 and it would affect weak lines more.

4. HCN EXCITATION

We obtained the following HCN excitation temperatures
among (v l

2 ,J) = (11f ,4), (11f ,3), and (0,4) states under the
assumptions described below: Tex(11f ,4; 11f ,3) = 31 ± 13 K,
Tex(11f ,4; 0,4) = 227 ± 18 K, and Tex(11f ,3; 0,4) = 254 ± 24 K.
The first one is a rotational excitation temperature Trot and the
second is a vibrational excitation temperature Tvib. We needed
opacity correction to the HCN(4–3) flux for these excitation
temperatures because the line is almost certainly saturated
considering its low flux ratio, 3, to H13CN(4–3). We adopted
3000 ± 1000 Jy km s−1 as the opacity-corrected HCN(4–3)
flux on the basis of H13CN(4–3) and HC15N(4–3) fluxes and the
abundance ratios [12C/13C] ≈ 50 and [14N/15N] ≈ 300 (Wilson
1999, Milky Way inner disk values). We also assumed that the
vibrationally excited lines are optically thin, because if they
were thick they would be as bright as the v2 = 0 lines. Another
assumption here and in the Tex calculation above is that all HCN
lines arise from the same volume.

The vibrational excitation is most likely due to infrared
radiation rather than collision for our Tvib and Trot. This is
because collisional excitation would make Trot at v2 = 1 equal
to Tvib. If the excitation were due to H2 collision at ∼200 K the
gas needs to be at or above the critical density for HCN v2 = 1,
which is nH2 ∼ 5×1011 cm−3 (Ziurys & Turner 1986). Radiative
excitation is energetically possible. Each rotational state J at the
vibrational ground level has associated infrared absorption lines
in the P, Q, and R branches. The absorption lines supply energy
to the HCN(J,J−1) emission line, and weaker rotational lines at
v2 = 1, in the limit of radiation-dominated excitation. Thus, an
energy requirement for IR-pumping is

∑

i=P,Q,R

fi SIR/λIR ! Srot/λrot, (1)

assuming that all the lines have the same velocity width.
Here, SIR is the continuum flux density around the absorption
wavelength λIR, fi is the fractional absorption depth, and Srot
is the mean flux density of the rotational emission line at the
wavelength λrot. Parameters for our case are λIR = 14 µm,
S14 µm = 2.34 Jy, and fQ ∼ 0.3 (Lahuis et al. 2007), and λrot =
850 µm and Srot " 1 Jy for J = 4. The condition of Equation
(1) is satisfied with a wide margin; the excess energy heats gas
through collision. In this radiative excitation, the observed Tvib
indicates that the brightness temperature of the excitation source
seen from the gas must be #200 K at 14 µm.

The vibrational excitation significantly affects rotational ex-
citation in the vibrational ground level. We see this in a model

H C N

H C N

~10 ALMA projects have been approved for HCN-vib.

• Also, 0.5”-1” SMA very useful to justify higher-res. ALMA obs. 



Intermediate Resolution

At 250-350 GHz 
lowest resolution of ALMA main array ~ 1-1.5” 

               single-dish beam ⩾ 5”   
whereas 

SMA beam ~ 2.5-3” (COM@250, SUB@350) 
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Table A-1: Angular Resolutions (AR) and Maximum Recoverable Scales (MRS) for the Cycle 4 Array configurations 

Config Lmax Band Band 3 Band 4 Band 6 Band 7 Band 8 Band 9 Band 10 

Lmin Freq 100 GHz 150 GHz 230 GHz 345 GHz 460 GHz 650 GHz 870 GHz 

7-m 
Array 

45 m  AR 12.5" 8.4" 5.4" 3.6" 2.7" 1.9" 1.4" 

9 m MRS 66.7" 44.5" 29.0" 19.3" 14.5" 10.3" 7.7" 

C40-1 155 m AR 3.7" 2.5" 1.6" 1.1" 0.80" 0.57" 0.42" 

15 m MRS 29.0" 19.4" 12.6" 8.4" 6.3" 4.5" 3.3" 

C40-2 273 m AR 2.4" 1.6" 1.0" 0.69" 0.52" 0.37" 0.27" 

15 m MRS 22.1" 14.8" 9.6" 6.4" 4.8" 3.4" 2.5" 

C40-3 460 m AR 1.5" 0.97" 0.63" 0.42" 0.32" 0.22" 0.17" 

15 m MRS 13.7" 9.1" 5.9" 4.0" 3.0" 2.1" 1.6" 

C40-4 704 m AR 0.93" 0.62" 0.40" 0.27" 0.20" 0.14" 0.11" 

15 m MRS 8.9" 5.9" 3.9" 2.6" 1.9" 1.4" 1.0" 

C40-5 1.1 km AR 0.54" 0.36" 0.23" 0.16" 0.12" 0.083" 0.062" 

17 m MRS 6.0" 4.0" 2.6" 1.7" 1.3" 0.93" 0.69" 

C40-6 1.8 km AR 0.35" 0.23" 0.15" 0.10" 0.076" 0.054" 0.040" 

15 m MRS 3.1" 2.1" 1.3" 0.90" 0.67" 0.48" 0.36" 

C40-7 3.7 km AR 0.21" 0.14" 0.090" 0.060" 0.045" 0.032" 0.024" 

81 m MRS 1.8" 1.2" 0.77" 0.52" 0.39" 0.27" 0.20" 

C40-8 6.8 km AR 0.12" 0.079" 0.052" 0.034" 
N/A N/A N/A 

168 m MRS 1.3" 0.87" 0.57" 0.38" 

C40-9 12.6 km AR 0.066" 0.044" 0.029" 
N/A N/A N/A N/A 

271 m MRS 0.78" 0.52" 0.34" 

Notes for Table A-1: 

3. See Chapter 7 of the Technical Handbook for relevant equations and detailed considerations. 

4. Values evaluated for source at zenith. For sources transiting at lower elevations, the North-South angular 

measures will increase proportional to 1/sin(ELEVATION).  

5. Lmax and Lmin are the maximum and minimum baseline lengths in the array. 

6. All angular measures scale inversely with observed sky frequency. 

7. Bold blue text indicates non-standard modes (Section 5.2) 
 

A.3 Total Power Array 
The TP Array is used to recover extended emission when mapping angular scales up to the size of the 

requested map areas. For Cycle 4, TP Array observations are included only if the LAS cannot be achieved 

with the 7-m Array, and the TP Array can only be used for spectral line observations (not continuum) in 

Bands 3–8. No TP Array Band 9 and 10 observations are offered for this cycle. This means that angular scales 

greater than the 7-m Array MRS listed in Table A-1 cannot be recovered for any observations in Band 9 and 

10, or for continuum observations in any band.  
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C40-5 1.1 km AR 0.54" 0.36" 0.23" 0.16" 0.12" 0.083" 0.062" 

17 m MRS 6.0" 4.0" 2.6" 1.7" 1.3" 0.93" 0.69" 
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C40-8 6.8 km AR 0.12" 0.079" 0.052" 0.034" 
N/A N/A N/A 
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C40-9 12.6 km AR 0.066" 0.044" 0.029" 
N/A N/A N/A N/A 

271 m MRS 0.78" 0.52" 0.34" 

Notes for Table A-1: 

3. See Chapter 7 of the Technical Handbook for relevant equations and detailed considerations. 

4. Values evaluated for source at zenith. For sources transiting at lower elevations, the North-South angular 

measures will increase proportional to 1/sin(ELEVATION).  

5. Lmax and Lmin are the maximum and minimum baseline lengths in the array. 

6. All angular measures scale inversely with observed sky frequency. 

7. Bold blue text indicates non-standard modes (Section 5.2) 
 

A.3 Total Power Array 
The TP Array is used to recover extended emission when mapping angular scales up to the size of the 

requested map areas. For Cycle 4, TP Array observations are included only if the LAS cannot be achieved 

with the 7-m Array, and the TP Array can only be used for spectral line observations (not continuum) in 

Bands 3–8. No TP Array Band 9 and 10 observations are offered for this cycle. This means that angular scales 

greater than the 7-m Array MRS listed in Table A-1 cannot be recovered for any observations in Band 9 and 

10, or for continuum observations in any band.  

any unique science at ~3” ?

10 pc @M31, 0.1 pc @G.C.



Some Suggestions
• Requests for the upgrade 

• Minimize Tsys. Maximize stability & efficiency (8-ant op.)  

• Dual-freq. not needed, multi-pix great (but too risky?) 

• seeing-correction WVR? 

• Programs 

• Large/legacy projects (e.g., for N-targets) 

• Flexible, pilot/exploratory projects (leading ALMA) 

• Data Reduction 

• CASA (data translator) 

• MIR/MIRIAD an obstacle to new users  

• Coordination with other facilities 

• GLT, JCMT, LMT, NOEMA, etc. 



wSMA for Nearby Galaxies

Summary 

• ~15% of the sky is w/o ALMA.                 It has               
nearest L* galaxy (M31), nearest starburst (M82), 
nearest quasar (Mrk 231) as well as many local 
face-on spirals (M81, M101, IC342, …), 
starbursts and Seyferts. 

• Legacy projects for these N sources                   
e.g. large-area mapping,  spectral scans 

• Path finder to lead ALMA projects 

• New ideas                                                    
(~3” res. targets, time-domain, …)


