
We present the Three-mm Ultimate Mopra Milky Way Survey, a new mm-wave molecular-line mapping survey of the southern Galactic Plane, and its first data releases and science 
results.  ThrUMMS maps a 60°×2° sector of our Galaxy’s fourth quadrant, using a combination of fast mapping techniques with the Mopra radio telescope, simultaneously in the J = 

1→0 lines of 12CO, 13CO, C18O, and CN near 112 GHz, at 1 .́2 and 0.3 km s−1 resolution, with 1.2 K/ch sensitivity for 12CO and 0.7 K/ch for the other transitions.  The calibrated data cubes from these 
observations are made freely available to the community on the ThrUMMS website, www.astro.ufl.edu/thrumms, after processing through our pipeline.  Here, we showcase some sample data products 
and describe the first science results, on global variations in the iso-CO line ratios and on a detailed multiwavelength study of the GMCs near l=333°.  The line ratios vary dramatically across the Ga-
lactic Plane, indicating a very wide range of optical depth and excitation conditions, from warm and translucent to cold and opaque.  The population of cold clouds in particular have optical depths for 
12CO easily exceeding 100 in some locations, and suggests that the fraction of the molecular mass in the Galactic disk that is in the coldest gas may be substantially underestimated.  We compute robust 
column densities from the global data and derive a new conversion law from CO to molecular mass, indicating that global relationships in disk galaxies that depend on the CO→H2 mass conversion, 
such as star formation laws, may need to be recalibrated.  Near l=333°, we have compared ThrUMMS data to HI, cm-continuum, and several Herschel and Spitzer bands to derive the overall mass and 
star formation properties of two complexes along the line of sight, in the Scutum-Centaurus and Norma arms.  The RCW106 complex in particular is currently undergoing a ministarburst event, poten-
tially shedding light on starburst physics in distant galaxies. 
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Pending Applications
ThrUMMS’ legacy value will be enormous, and will generate a large number of follow-up studies, e.g.:
• Excitation studies with companion SEDIGISM survey (PI: Schuller), of J = 2→1 lines of 13CO and C18O using APEX
• Spatially-resolved gas temperature maps of GMCs, & comparison with Herschel-based SED fits/dust temperatures
• Detailed structural & kinematic comparisons with Herschel data and the GASKAP HI survey, studies of molecular cloud formation
• Kinematic distances of all major ISM structures from a ThrUMMS+GASKAP comparison
• Statistics-based analysis of Galactic structure on wide and small scales
• Detailed dynamics of Galactic-scale features
• Arm-interarm comparisons, radio-FIR correlation
• Spatial dependence of cloud turbulence, origin of turbulence
• Unbiased catalogue of all CN-bright clouds, suitable for Zeeman measurements with ALMA
• Dependence of astrochemistry, cloud structure, and kinematics on Galactocentric distance and other environmental factors

Figure 1: Sample 10°×2° and 8°×2° maps as 
colour composites of 12CO (red), 13CO (green), 
and C18O (bue) integrated intensity images 
from DR3 of the ThrUMMS data cubes.  Note 
the strong colour variations in both images, 
indicative of different line ratio, opacity, and 
excitation environments (see Fig. 2) in the mo-
lecular material of the Milky Way.  ThrUMMS 
provides similar data covering 360° > l > 300° 
in all 3 iso-CO lines, plus CN.  DR4, which 
will include improved spatial coverage and 
more uniform sensitivity, is in prep.

Wow!  

Sample ThrUMMS maps

The Scutum–Centaurus arm, a counterpart to the Perseus
arm (Figure 6), is characterized by a high fraction of dense gas
(Sakamoto et al. 1997; Russeil et al. 2005) which may be the
reason why the most massive Young Massive Clusters such as
Westerlund 1, RSGC 1, RSGC 3 (Portegies Zwart et al. 2010),
and the ministarburst W43 (Nguyen Luong et al. 2011b) are
found therein. The ℓ V diagram of the CO and H II emission
shows a gradient toward the RCW 106 H II region (see upper
dashed white line in Figure 4) that might reflect a velocity
gradient along the Scutum–Centaurus arm toward the
RCW 106 complex.

Although the Norma arm, a counterpart to the Sagittarius
arm (Figure 6), has less active star formation overall,
MCC331–90 is known to host the luminous and efficient
massive star forming cloud G331.5–0.1 (Merello
et al. 2013a, 2013b).

5. MASSES AND MASS SURFACE DENSITIES OF THE
RCW 106 AND MCC331–90 COMPLEXES

We obtain the mass from W(12CO), the 12CO spectrum
integrated over the velocity range −80 to −40 km s−1 for
RCW 106 and −112 to −80 kms−1 for MCC331–90 . The
molecular hydrogen column density is from N X WH2

(12CO), with X 1.8 1020 cm−2 K−1 km s−1(Dame
et al. 2001). This X factor is close to the value of 1.9 1020

cm−2 K−1 km s−1derived for the Perseus molecular arm from the
diffuse gamma-ray emission (Abdo et al. 2010) and is lower
than the value of 2.75 1020 cm−2 K−1 km s−1 used for W43
and Cygnus X in Schneider et al. (2006) and Nguyen Luong
et al. (2011b). Although X is uncertain because of the optical
depth, metallicity, and excitation conditions, the mass estimates
are probably accurate to a factor of two. The mass Mtotal in an
area Acloud would then be M N A μ mtotal H cloud H H2 2

where μ 2.8H2
is the mean H2 molecular weight and mH is

the H atomic mass.

Figure 4. HI (color), 12CO (black contour, upper panel), and 13CO (blue contour, lower panel) position-velocity diagrams integrated from b 0.5◦ to b 0.5◦ . As
in previous figures, red crosses represent OH masers and magenta asterisks represent H II regions.The brightest 21 cm continuum sources in this region are at
l 331.5◦ and l 333.6◦ (see Figures 1 and 3). HI absorption against these sources results in vertical bands of relatively low (green) net HI emission cutting through
higher intensity (yellow, red) regions for the entire velocity range corresponding to foreground gas.
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molecular cloud complex might not yet be finished. We
investigated this by estimating the future star-formation activity
using the dense clump and core populations.

First, we make an assumption that the dense clump mass of
M2.2 2.7 105 ☉ derived from 13CO line emission (Bains

et al. 2006) or 1.2 mm continuum emission (Wong et al. 2008)
represents the clump mass of the entire RCW 106 complex.
This assumption is justified since most of the dense gas
concentrates in the region considered by Bains et al. (2006)
and Wong et al. (2008;see for example Figure 5). We estimate
the clump formation efficiency, cloud clump,

18 as the ratio of
the total clump mass to the total cloud mass (Eden
et al. 2012, 2013; Louvet et al. 2014):
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0.042 0.013. (9)cloud clump
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The estimated cloud clump of the RCW 106 complex is about
10times higher than that of the famous massive star-forming
region Cygnus X and almost equal to that of W43 (Nguyen
Luong et al. 2011b). Thus the RCW 106 complex is forming
massive clumps almost as efficiently as the W43 star-forming
region despite the mass surface density of RCW 106 being four
times lower.

Second, a cloud’s efficiency atconverting mass into dense
clumps subsequently affects the star formation efficiency (Eden
et al. 2012; Louvet et al. 2014). If the dense clumps (r ∼ 1 pc)
in the RCW 106 complex form dense cores (r ∼ 0.1 pc) with a
mass transfer efficiency clump core, and dense cores will form
protostars with a mass transfer efficiency *core , the future star

formation efficiency of the entire cloud will be

* *. (10)cloud cloud clump clump core core

If we adopt typical values clump core ∼ 0.1–0.3 (Parmentier
& Pfalzner 2013; Louvet et al. 2014) and *core 0.3–0.8
(Alves et al. 2007; Parmentier & Pfalzner 2013; Myers 2014),
we will have a future *cloud ∼0.004 ± 0.004.
Because the massive protostellar phase has a timescale of
2 105 yr (Motte et al. 2007; Russeil et al. 2012), similar or

OB stars, we calculate the “future 2 105 yr” (“future”) SFR
and SFR density as
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This SFR density and the surface density also combine to place
the RCW 106 complex in the starburst regime of the Schmidt–
Kennicutt relation (Kennicutt 1998;see Figure 7). It should be
possible to refine and confirm the future SFR density of the
RCW 106 complex by counting the massive dense cores
identified using the Herschel data. This will be the topic of a
subsequent paper.
These SFR densities are similar to the future SFR density of

W43 and higher than that of Cygnus X, reinforcing the
conclusion that RCW 106 is undergoing a ministarburst at
present. The similarity between past and future SFR densities
implies that this ministarburst event is not yet finished but is in
the declining phase. It is also much higher than the SFR density
of CMZ, a well-known region for its inefficiency in star
formation despite of being 100 times more massive than
RCW 106 complex (Immer et al. 2012; Kruijssen et al. 2013).

Figure 7. Schmidt–Kennicutt relation between the star formation rate (SFR)density and gas surface density extending from normal spiral galaxies to starbursts
(Kennicutt 1998). Also plotted are values for the average Milky Way, the immediate past and future of the RCW 106 complex, the past and future SFR density of the
W43 complex, the past and future SFR density of the Cygnus X complex, and the past SFR density of the CMZ complex.

18 This parameter is also known as the compactness of a molecular cloud
(Nguyen Luong et al. 2011b).
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12CO/13CO/C18O
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Figure 2 (Paper I, Barnes et al 2015 ApJ accepted, arXiv:1507.05095): (left panel) CO line ratio “colour-colour” diagram for all 
ThrUMMS data (~109 voxels!).  The colours in this plot represent the relative line ratios as shown in the 3-colour image of Figure 1 
(top of page).  Overlaid here are radiative transfer models labelled by intrinsic ratio R18 = [13CO]/[C18O], and C18O optical depth τ18.  
This shows that there are many clouds in the Milky Way with previously unrecognised high optical depth, and consequently higher 
column density than suggested by the standard “X-factor” approach.

 (right panel) Derived conversion from ICO to NH2, based only on the straightforward radiative transfer model.  This is equivalent to 
a nonlinear conversion law,     NCO = 1.6×1020 mol m–2 (ICO/K km s–1)1.38    and suggests that the molecular 
mass of the Milky Way may have been substantially underestimated.

Figure 3 (Paper II, Nguyen et al 2015 ApJ accepted, 
arXiv:1504.02246): (above) Longitude-velocity diagrams of HI 
(colour image), overlaid by ThrUMMS 12CO (top panel, black con-
tours) and 13CO (bottom panel, blue contours).  HI absorption against 
the brightest HI emission results in vertical bands of relatively low 
(green) net HI emission cutting through higher intensity (yellow, red) 
regions for the entire velocity range corresponding to foreground gas.
 (below) Schmidt–Kennicutt relation between star formation rate 
(SFR) density and gas surface density, from normal spiral galaxies to 
starbursts.  Points for the RCW 106 complex and other Milky Way lo-
cations suggest that RCW 106 is the most vigorous star formation 
complex in the entire Galaxy.

The whole survey covers l=300°–360° at 1´ resolution

Free data downloads at                www.astro.ufl.edu/thrumms

Wow!  
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