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The Mopra dish (part of ATNF)
22m dish

covers 3mm band 
(74–116 GHz MMIC)

35˝ beam

Tsys < 200 K

OTF capability, flexible 
receivers & digital 
filterbank: a powerful 
tool to map molecular 
clouds



Mopra’s spectrometer
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Table 3
MOPS Filterbank Setups for 2006 and 2007

Species Transition Frequency Utility IF Zoom Numbera

(GHz) Setup 1 Setup 2 Setup 3

NH2D JK+K− = 111 → 101 85.925-8 (6hf) Coldest dense gas 8 16
SiO J = 2 → 1 v = 1 86.243 Maser 7 15
H13CN J = 1 → 0 86.339-44 (3hf) Class I tracer 8 6 14




H13CO+

HCO
SiO

J = 1→0
JK+K− = 101 → 000
J = 2→1

86.754
86.777, 806(2hf)
86.847

Densest gas
PDR interface
Outflows




 5 13

HNCO JK+K− = 404 → 303 87.925 Chemistry 12
HCN J = 1 → 0 88.630-4 (3hf) Class I tracer 4 11
CH3OH JK+K− = 153,12 → 144,11 A 88.940 Hot core/maser 10{

HCO+

H+
J = 1→0
59α

89.189
89.247

Infall, outflow
H ii regions

}
6 3 9

CH3CH2CN JK+K− = 1091 → 990 89.549 Organic chemistry 8
HNC J = 1 → 0 90.664 Chemistry 7
HC3N J = 10 →9 90.979 Prestellar gas 6
CH3OCH3 JK+K− = 322 → 313 91.474-9 (4cpts) Organic chemistry 5

CH2DOH JK+K− = 413 → 404 91.587 Cold to hot gas 4
CH3CN J = 5 → 4 91.959-87 (K-lad) Thermometer 2 3
13CS J = 2 → 1 92.494 Dense gas, infall 2{

N2H+

CH3OH
J = 1→0
JK+K− = 101 → 212 E

93.171-6(7hf)
93.197

Cold dense gas
Hot core/maser

}
2 1 1

Note. a See Table 2 for dates on which these setups were used.

90 GHz. See Table 3 for a summary of the spectral coverage in
these two seasons.

In 2006–2007 maps were made by co-adding OTF fields
which abut each other on the sky to cover larger areas. Usually,
the individual OTF fields were 5′×5′, but they ranged in size
from 3′×3′ to 7′×7′ where necessary to better conform to the
desired coverage, given the extent of emission seen in the Nanten
maps. The reference positions used for sky-subtraction during
all mapping were at locations which show no emission in the
Nanten CO maps. Most map areas were scanned at least once in
each of l and b in order to minimize rastering artifacts and noise
variations, although some areas were only scanned once due to
time limitations.

In summary, for the 2004–2007 austral winter seasons we
mapped the brightest 121 Nanten clumps to yield 303 Mopra
HCO+ clumps (see below), but simultaneously covering many
other spectral lines in the 85–93 GHz range, among them the J =
1 → 0 transitions of HCO+, HCN, N2H+, H13CO+, and H13CN.
At these frequencies, Mopra has a half-power beamwidth of
36′′, an inner error beam which extends to ∼80′′, and a coupling
efficiency of 0.65–0.62 (at 85–93 GHz, respectively) to sources
of size a few arcmin (Ladd et al. 2005).

2.4. Data Reduction and Processing

As the flagship species in our filterbank setup (it is usually the
brightest and most widespread), we report here only the HCO+

results from the observing campaign described above; we leave
for later papers the presentation of results of other observed
species.

The raw OTF data from each season were processed with the
Livedata–Gridzilla package (Barnes et al. 2001) by bandpass
division and baseline subtraction. The 2 s long OTF samples
were then regridded onto a regular grid of 12′′ pixels, where the
samples were weighted by T −2

sys , before averaging them into each
gridded pixel. Weighting by the rms−2 of the spectra was not an
option provided by Gridzilla; however as described above, since

2007 the continuously measured Tsys has effectively given the
same information for each 2 s sample. For all Mopra maps shown
here, the effective telescope half-power beamwidth (HPBW) has
been smoothed at the gridding stage to 40′′ from the intrinsic
36′′, in order to further improve the S/N. The resulting spectral-
line data cubes have low but, due to variations in weather and
coverage, somewhat variable rms noise levels, typically ranging
from 0.2 K up to 0.5 K (with rare extremes up to 0.8 K) on
the T ∗

R scale, per 0.11 km s−1 channel; the mean ± SD across
all maps is 0.31 ± 0.09 K per channel. Although the pointing
(checked on the SiO maser source R Carinae every hour or two)
was typically good to 10′′ or better (<1 pixel on the scale of our
maps), because of the simultaneity of the spectral-line mapping
afforded by MOPS, the spatial registration of features between
these lines is perfect.

3. MOPRA HCO+ MAPS

3.1. Catalog of Integrated Intensity Maps by Region

We show in the online version of the journal (Appendix A)
all HCO+J = 1 → 0 integrated intensity (i.e., zeroth-moment)
maps from our processed data cubes; an example is also shown
in Figure 5. In all cases the maps presented here are on the T ∗

R
scale, where we have used a conversion ηc = 0.64 at 89 GHz
from T ∗

A to T ∗
R (Ladd et al. 2005), where T ∗

R = T ∗
A/ηc. As

mentioned in Section 2.2 above, the sources from the NMC
are organized into “Regions” for convenience; these are simply
areas no larger than ∼1◦ square around groups of sources at all
velocities and do not necessarily indicate a physical association.

In each figure, the brightness scale (shown by the color bar)
is linear and chosen to show the full range of emission features;
it varies (by a factor of >10) from Region to Region. Such
a display, however, makes it difficult for the viewer to gauge
the relative strength of features between maps. Therefore to
facilitate comparisons, we have also overlaid contours at 2σ–5σ
intervals on each map (where σ = the rms noise level over
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A survey of (southern) surveys

SGPS, GASKAP        21cm               HI                                      ✔
HOPS                                   (13mm) H2O, NH3 
MALT45                                  (7mm) CS 
CHaMP, MALT90                 (3.3mm) HCO+, HCN, N2H+.....        ✔
CHaMP,ThrUMMS,Nanten,CfA (2.6mm) 12CO, 13CO, C18O, CN       ✔
BGPS                       1100µm
ATLASGAL                870µm
Hi-GAL                      60–350µm                                                 ✔
IRAS                         12–100µm                                                 ✔
MIPSGAL                  24,70µm                                                    ✔
MSX                          8–21µm                                                     ✔
GLIMPSE                  3–8µm                                                       ✔
2MASS                     1–2µm                                                       ✔

white = complete     yellow = in progress     orange = planned     data D/L
                    cyan = continuum   magenta = spectral line

GLIMPSE

MIPSGAL
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ThrUMMSThrUMMS CHaMP
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Galactic Longitude (Degrees)

C  O18

Complete coverage over 58°x1°
Now expanding |b| coverage to 60°x2°, 
ready by 2015
Simultaneous maps of 12CO, 13CO, C18O, 
CN (all J=1–0)
1′.2 resolution and TA*(rms) ~ 1 K in 0.35 
km/s channels
Open project, data available now
Enables many new projects on ISM & 
galactic structure, physics of thousands 
of GMCs, kinematics, cloud formation, 
magnetic fields, etc.

Unbiased survey over 20°x6° of a com-
plete population of massive dense clumps
Simultaneous maps of 16 tracers near 90 
GHz, incl. HCO+, HCN, N2H+, SiO, 
isotopologues, PLUS another 16 lines 
near 110 GHz (CO-logues, CN, etc.)
40″ resolution and TR*(rms) ~ 0.3 K in 
0.11/0.09 km/s channels
HCO+ data release on 303 massive dense 
clumps now available, covering many 
popular regions, e.g. entire η Carinae 
GMC, NGC 3576, NGC 3603, etc.  N2H+ 
release soon, more coming
Analysis of cloud properties reveals new 
physics

CHaMP
CO map from Dame et al. (2001) Nanten C18O map

Three-mm Ultimate Mopra Milkyway SurveyCensus of High- and Medium-mass Protostars



1. Massive or 
clustered SF 
not as well-
understood as 
low-mass SF
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1. Massive or clustered SF not as well-understood as 
low-mass SF

Mechanism?  Massive core or competitive accretion?

Timescales?  Few or many free-fall times?

No physical paradigm to fit multitude of phenomena, just a cartoon:

Context of the problem

Molecular cloud
n(H2) ~ 102 cm–3 
Tgas ~ 20 K
C18O

Probe: 
HCO+ 
N2H+ 

H2 
Br-γ 

Dense clump
n(H2) ~ 104 cm–3 
Tgas ~ 10 K
C18O, HCO+ 

Massive core
n(H2) ~ 106 cm–3 
Tgas ~ 10 K
N2H+, NH3 
mm/FIR dust 
continuum

Massive protostar
n(H2) ~ 104 cm–3 
Tgas ~ 50 K
C18O, HCO+, HCN
FIR/MIR

Hot core
n(H2) ~ 106 cm–3 
Tgas ~ 200 K
masers, organics
NIR, embedded 
stars+cluster

((Ultra)compact) 
HII region, cloud 
disruption
n(H2) ~ 104 cm–3 
Tgas ~ 104 K
cm continuum,
PMS stars

bright

Target of this project

      



Context of the problem
2. Most stars probably form in clusters

How do GMCs form the newly-discovered filamentary structures revealed by Hi-
GAL?  How do these filaments form clumps?  Clumps form cores?

What are the demographics of stars, the IMF, as formed in clumps & cores?

3. A detailed ecology of the ISM

Molecular cloud
n(H2) ~ 102 cm–3 
Tgas ~ 20 K
C18O

Probe: 
HCO+ 
N2H+ 

H2 
Br-γ 

Dense clump
n(H2) ~ 104 cm–3 
Tgas ~ 10 K
C18O, HCO+ 

Massive core
n(H2) ~ 106 cm–3 
Tgas ~ 10 K
N2H+, NH3 
mm/FIR dust 
continuum

Massive protostar
n(H2) ~ 104 cm–3 
Tgas ~ 50 K
C18O, HCO+, HCN
FIR/MIR

Hot core
n(H2) ~ 106 cm–3 
Tgas ~ 200 K
masers, organics
NIR, embedded 
stars+cluster

((Ultra)compact) 
HII region, cloud 
disruption
n(H2) ~ 104 cm–3 
Tgas ~ 104 K
cm continuum,
PMS stars

bright

Target of this project

ISM (except for HII regions) is roughly in 
pressure equilibrium: what maintains this?  
Cloud collisions in the WNM/WIM?  What 
prevents SF in dense clumps & cores?  What 
is the PDF of density/column density in the 
ISM?  Relation to filaments?

How do the H2 clouds form from HI?  eg, 
Herschel reveals “dark H2” through C+ & CI 
emission, where CO has not yet formed.

HI
CO, H2H2

C+

H+

CI



No. 6, 2008 THE SF LAW IN NEARBY GALAXIES ON SUB-KPC SCALES 2861

Figure 8. Sampling data for all seven spiral galaxies plotted together. Top left: ΣSFR vs. ΣHI; top right: ΣSFR vs. ΣH2; middle right: ΣSFR vs. Σgas. The bottom-left and
right panels show ΣSFR vs. Σgas using Hα and a combination of Hα and 24 µm emission as SF tracers, respectively (for a subsample of six spirals). The sensitivity
limit of each SF tracer is indicated by a horizontal dotted line. The black contour in the bottom panels corresponds to the orange contour in the middle-right panel and
is shown for comparison. The vertical dashed lines indicate the value at which ΣHI saturates and the vertical dotted lines (top-right and middle-left panels) represent
the sensitivity limit of the CO data. The diagonal dotted lines and all other plot parameters are the same as in Figure 4. The middle-left panel shows histograms of the
distributions of H i and H2 surface densities (normalized to the total number of sampling points above the respective sensitivity limit) in the sample.

Bigiel et al 2008

Context of the problem
4. Physical origin 

of Schmidt-
Kennicutt Law, 
galactic-scale 
SF (extragalactic 
applications)

Are the dependencies 
of SFR tracers truly 
superlinear, or an 
artifact of density 
sampling (as 
predicted by radXfer, 
theory)?

A threshold density 
for star formation? 
(Lada et al 2013)Fig. 6.—Global star formation law of dense molecular gas. The star formation rate is linearly proportional to the dense molecular gas mass. The solid circles are

for LIGs and ULIGs with LIRk 1011 L!, whereas the open circles are for the less luminous normal spiral galaxies.

Fig. 7.—Star formation rate vs. total molecular gas mass. The solid circles are for LIGs and ULIGs with LIRk1011 L!, whereas the open circles are for the less
luminous normal spiral galaxies. More CO data of mostly ULIGs available from literature (stars) are added to our HCN sample (see Fig. 1b). The orthogonal least-
squares fit now has a slope of 1.73 with a correlation coefficient R ¼ 0:89. The line of fixed slope of 1, a valid fit for normal spirals, is also shown for comparison.

Gao & Solomon 2004



Context of the problem
5. A detailed model of Galactic structure & dynamics

1st quadrant shows expected “counterrotation” due to Perseus spiral arm 
shock, but 4th quadrant non-circular motions are opposite to this spiral arm 
model.

Can we see the impact of the bar on Galaxy’s overall ISM, or details of the Far 
3kpc Arm & new Far Arm?



A complete,

unbiased
survey

of
massive

star
formation

The CHaMP Zone

l = 300°

l = 280°

Image credit: R.Hurt



CHaMP colleagues
Yoshi Yonekura, Ibaraki University
Yasuo Fukui, Nagoya University
Stuart Ryder + Andrew Hopkins, AAO
Audra Hernandez, University of Wisconsin
13 University of Florida students/former students, 
including Stefan O’Dougherty, Luis Alvarez, Billy Schap
Adam Ginsberg, ESO



CHaMP in HCO+

Identified 209 Nanten 
clumps: mapped 
brightest 121 at 
Mopra, which broke 
up into 303 massive, 
dense, parsec-scale 
clumps

All data cubes, moment 
maps (integrated intensity, 
velocity field, linewidth), 
and data tables of clump 
properties are available for 
download:

www.astro.ufl.edu/champ

120 pc

beam
(0.4 pc)



Discovery of most extreme global collapse known (M ~ 3x10–2 
M⊙/yr) in BYF 73, a massive (2x104 M⊙), dense (3.5x104 M⊙/
pc3), gas-dominated protostellar cluster.  (Barnes et al 2010)

The radio-FIR correlation arises in star-forming regions; must 
be careful to separate thermal from non-thermal radio.  (Zhang 
et al 2010)

Discovery of a “vast population” (predicted by Narayanan et al 
2008) of subthermally excited, yet massive & dense clumps, 
that dominate the dense molecular cloud population by mass 
and number.  (Barnes et al 2011)

Implies either a high clump formation & destruction rate 
(cloud-cloud collisions?  Galactic shear?) or a very long dense 
clump lifetime, 50–100 Myr.  Could reconcile “short” and 
“long” cluster formation timescale camps.

A victory lap
IRAC 4.5µm
IRAC 3.6µm

AAT 2.2µm cont
+

Mopra H13CO+



CHaMP sample results

size-linewidthsize-brightness linewidth-brightness



CHaMP sample results

mass-density mass-radius

Possible evolutionary 
diagram? (Simpson 

et al 2011)

ncrit

BYF73



CHaMP sample results

virial-α vs. mass pressure-mass

gravity 
dominates



CHaMP sample results

Clump Mass Function            KS-type laws
→ Core Mass Function 

→ IMF

Narayanan et al 2008



CHaMP HCO+ conclusions
Vast population of massive (~10–104 M⊙), dense 
(~3x102–4 cm–3), pressure-bounded, but subthermally-
excited clumps — predicted by Narayanan et al 2008!  
Confirms emerging view of KS laws being physically 
based on amount of dense gas present, not just all gas

Most of these may be (relatively) quiescent in their 
massive SF activity

Implies a long, quiescent lifetime for clumps (~50–100 
Myr) before massive SF turns on

Could reconcile “short-” and “long-lived” views of 
massive SF clumps



Next CHaMP releases
HCO+/N2H+ and near-IR comparisons, signposts of cloud and 
cluster evolution (Mopra+AAT survey: SDR, AMH, SNO, LA)

Mass Probability Density Function in GMCs, comparison with 
theory (Mopra+Nanten: SNO, JCT, YY, YF)

Spectral Energy Distributions of Clumps, examining 
quiescent/active ratio (NASA archives: BM, JCT)

Large-scale near-IR embedded cluster demographics (AAT + 
Spitzer + CTIO surveys: HZ, KR, EAL)

H13CO+ maps and analysis, excitation/column density 
(Mopra: SNO)

HCN maps and analysis, hyperfine ratio physics, detailed 
comparison with HCO+ abundances and kinematics (Mopra: 
WS, SNO, TO, AG)

✔

✔



Compare mm & IR tracers

AAT images:
H2 v=1-0 S(1)
H2 v=2-1 S(1)

Brϒ

Mopra map:
N2H+ contours



New signposts
HCO+ and Brϒ are 
signposting the same 
thing: a late-stage 
surge in massive star 
formation

H2 line ratios consis- 
tent with fluorescence, 
mostly in HCO+ / Brϒ-
bright sources; thermal 
excitation uncommon

Some “dense gas” 
tracers do not trace a 
homogeneous 
population of clouds!



New signposts
SEDs of clouds reflect theoretical expectations

Bright HCO+ and Brϒ correlate with “more evolved” clumps

Suggestion of                                                                      
turndown in Lbol                                                                               
for lower-mass                                                                          
clumps, following                                                                  
Krumholz-type                                                                                 
S-K relation

– 26 –

Fig. 6.— (a) Top left: Distribution of Tc (solid line) and Tc,tot (dashed line). The shaded histogram shows

the sources for which the bolometric flux, F , measurements are uncertain due to background subtraction

(see Fig. 2). (b) Top middle: Correlation of Tc,tot with Ltot/M , with a best-fit relation of Tc,tot/K =

5.6(±0.5)× log(Ltot/M/[L!/M!]) + 25.4(±0.8), a Spearman rank correlation coefficient 0.81 and negligible

probability for a chance correlation. (c) Top right: Correlation of Tc with L/M , with a best-fit relation of

Tc/K = 6.6(±0.6)× log(L/M/[L!/M!])+ 25.2(±1.0) with a Spearman rank correlation coefficient 0.65 and

4.8 × 10−38 probability for a chance correlation. Open squares show clumps with uncertain measurements

of F due to IRAS 100µm background subtraction (see 2b). (d) Bottom left: Distribution of Tbol (solid

line) and Tbol,tot (dashed line). The shaded histogram shows the sources for which the bolometric flux, F ,

measurements are uncertain due to background subtraction (see Fig. 2). (e) Bottom middle: Correlation of

Tbol,tot with Ltot/M , with a best-fit relation of Tbol,tot/K = 110(±6) × (Ltot/M/[L!/M!])−0.02±0.01 with

a Spearman rank correlation coefficient -0.15 and 0.06 probability for a chance correlation. The horizontal

dashed line represents T = 210 K, which is the bolometric temperature of the dust emission in the diffuse

ISM calculated using the data from Li & Drain (2001). (f) Bottom right: Correlation of Tbol with L/M ,

a best-fit relation of Tbol/K = 109(±6) × (Ltot/M/[L!/M!])−0.01±0.01 with a Spearman rank correlation

coefficient -0.15 and 0.06 probability for a chance correlation.

– 40 –

Fig. 11.— Bolometric luminosity, L, versus dense gas line luminosity, LHCO+(1−0). The CHaMP clumps

are shown by filled red circles. The single large red cross shows the total luminosity and line luminosity of

the whole CHaMP sample. Other HCO+(1-0) data for entire galaxies from Graciá-Carpio et al. (2006) are

shown by red stars. We also show HCN(1-0) data of galactic clumps (Wu et al. (2010) - blue squares) and

entire galaxies (Gao & Solomon (2004) - blue triangles). The best fit relation to only the CHaMP HCO+(1-0)

data (filled red circles) is shown by a solid red line. The best fit relation to both the CHaMP (filled red

circles) and extragalactic HCO+(1-0) data (red stars) from Graciá-Carpio et al. (2006) is shown by a dotted

red line. And the best fit relation to the total CHaMP data point (red cross) and the extragalactic sample

(red stars) is shown by a dashed red line.



New signposts
Many “dense gas” tracers (HCO+, HCN, etc.) do not 
trace dense gas, but rather a combination of column 
density and excitation

Other dense gas tracers (N2H+, NH3) preferentially trace 
colder, prestellar gas

Most massive clumps are not actively forming massive 
star clusters

Bright molecular emission signals terminal clump 
evolution as massive star/cluster forms

Conversion to molecular mass needs careful calibration 
to interpret Kennicutt-Schmidt or Larson’s relations



l = 300°

l =
 3

60
°

Image credit: R.Hurt

The ThrUMMS Zone

l = 40°

A complete,
unbiased survey of

Galactic structure + dynamics
and Giant Molecular Cloud physics





ThrUMMS colleagues
Erik Muller, University of Tokyo (with help from Isaac)
Vicki Lowe + Maria Cunnigham, UNSW
Balt Indermühle, ATNF
Audra Hernandez, Univ. of Wisconsin
Gary Fuller, University of Manchester
Dick Crutcher, University of Illinois
Frederic Schuller, ESO
Quang Nguyen Luong, CITA
....(~20 more people)....

and whoever else wants to join: AN OPEN PROJECT!



ThrUMMS

ThrUMMS is making complete, unbiased maps of 12CO, 13CO, C18O 
and CN across the 4th quadrant, ie 360°>l>300° and |b|<2°, at 1′.2 
resolution (ie, ~beam-sampled).

Major aims are to derive global GMC & cloud formation physics, and 
support interpretation of Hi-GAL, GLIMPSE, GASKAP, ATLASGAL, 
MALT90, HOPS, etc. surveys with data on the embedding, lower-
density GMCs around the brighter, denser clumps.

Many ALMA applications.  Data made public ahead of publication!

 MSX composite image

Area of the Milky Way we are mapping / have mapped

~400 half-degree fields mapped so far: www.astro.ufl.edu/thrumms

330

Virtually unexplored in CO 
at ~parsec resolution!



ThrUMMS
Phase I of 4Q    
(60°x1° or |b|<0.5°) 
~completed

Phase II to double 
this to |b|<1.0° by 
2015

Prospects to 
eventually cover 
100° x 3° (i.e., 1st
+4th Quadrants,     
|b|<1.5°

as of June 
2014



ThrUMMS eye candy

ThrUMMS 
12CO, 5hr 
clock time

Columbia-
CfA 12CO 
survey



ThrUMMS eye candy

VLSR

l-V

12CO moment maps

∫TdV



ThrUMMS eye candy

integrated intensity maps



ThrUMMS eye candy

A 12°x1° ThrUMMS field — compare to Spitzer & Herschel images
WOW!  (See Nguyen et al 2014)

Columbia-CfA 12CO survey

VLSR ~  –55 to –40 km/s

VLSR ~  –75 to –55 km/s

GLIMPSE/MIPSGAL

Area shown below



ThrUMMS eye candy



Anticipated ThrUMMS projects
Widespread line ratio variations —> environmental 
dependence of astrochemistry, cloud physics

Direct comparison of CO-GMC maps, including dynamics, to 
HI from GASKAP — physics of cloud formation

Large-scale, yet detailed, structure of HI/H2 cloud turbulence 
and dynamics — spatial dynamic range > 3000:1

Spatially-resolved gas temperature maps of GMCs, compare 
to Planck/Herschel/GLIMPSE SEDs & Tdust fits (cf. comple- 
mentary APEX 13CO/C18O J=2–1 line survey SEDIGISM, PI 
Schuller)

Kinematic distances to all features!

Galactic structure studies, eg arm-interarm, radio-FIR

....etc.



Requires CN 
clouds with integr. 
intensities > 6 K 
km/s

Already see 5 such 
clouds in ThrUMMS 
pilot data

Project ~50 CN-
bright clouds 
suitable for Zeeman 
mapping with 
ALMA, quadrupling 
the sample

Anticipated ThrUMMS projects

Crutcher 2012

AA50CH02-Crutcher ARI 27 July 2012 9:32

101
100

101

102

103

102 103 104

nH (cm–3)
105 106 107

|B
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S|  (µ
G

)

Figure 6
The set of diffuse cloud and molecular cloud Zeeman measurements of the magnitude of the line-of-sight component BLOS of the
magnetic vector B and their 1σ uncertainties, plotted against nH = n(HI) or 2n(H 2) for HI and molecular clouds, respectively
(Crutcher et al. 2010). Although Zeeman measurements give the direction of the line-of-sight component as well as the magnitude,
only the magnitudes are plotted. The solid blue line shows the most probable maximum values for BTOT (nH ) determined from the
plotted values of BLOS by the Bayesian analysis of Crutcher et al. (2010). Also shown (plotted as light blue shading) are the ranges given
by acceptable alternative model parameters to indicate the uncertainty in the model.

There are additional ways to test whether ambipolar diffusion starting from magnetically sub-
critical clouds is the driver of star formation. Figure 7 shows BLOS versus NH from the five major
Zeeman surveys of HI, OH, and CN (Bourke et al. 2001, Heiles & Troland 2004, Falgarone et al.
2008, Troland & Crutcher 2008; K.L. Thompson, T.H. Troland, unpublished observations) and
the compilation by Crutcher (1999); the straight line is for a critical M/". At first glance, this
figure may seem to show exactly what the ambipolar diffusion model predicts. On the left side,
with NH ! 1021 cm−2, mass-to-flux ratios M/" are subcritical; these clouds are almost exclusively
lower density HI clouds. On the right side, with NH " 1021 cm−2, the M/" are overwhelmingly
supercritical; these clouds are mainly higher density molecular clouds and cores. Hence, the data
appear consistent with the strong magnetic field model with neutrals gravitationally contracting,
leaving the magnetic flux behind and, hence, increasing M/" in the higher density molecular gas.
However, there are several problems with this picture. First, the cold HI clouds in the Heiles
& Troland (2004) survey are in approximate pressure equilibrium with the warm ISM and are
not self-gravitating, so they could not gravitationally collapse through the magnetic field. Their

www.annualreviews.org • Magnetic Fields in Molecular Clouds 47

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
2.

50
:2

9-
63

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 U
ni

ve
rs

ity
 o

f F
lo

rid
a 

- S
m

at
he

rs
 L

ib
ra

ry
 o

n 
11

/2
2/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Excellent statistics of magnetic fields in dense, star-
forming gas from CN Zeeman measurements



Summary
Exciting times for Galactic ISM & star formation studies!

Many continuum surveys (near-) complete

Some molecular maps available now, much more to 
come within ~1-2 years

Will provide a rich harvest of data for analysis & 
comparison with theory for many years

Many opportunities for more detailed studies with 
CCAT, ALMA, SOFIA, JWST, Gemini-S, ATCA, ......


