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Pieces of the Star Formation Puzzle
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1. Warm Neutral Gas to Cold Neutral Gas
- Measure fraction and 

conditions of cold neutral 
hydrogen gas using a new 
absorption line survey with 
ATCA 

- Compare to molecular gas 
using OH absorption from 
ATCA and new data from 
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Measuring HI properties using  
emission and absorption line measurements
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Our new ATCA absorption line survey
Large Magellanic Cloud

Small Magellanic Cloud



Significant improvement on existing measurements
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Studying the small-scale structure of cold neutral gas
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New detections!

Jameson, Liu, McClure-Griffiths+ in prep
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Find <Ts> ~ 240 K 
(mass-weighted)

larger by ~40% compared to sources observed in 
Dickey+94, Marx-Zimmer+00 

LMC Early Results: First 14 Sources

Liu, Jameson, McClure-Griffiths+ in prep



LMC Early Results: First 14 Sources

Liu, Jameson, McClure-Griffiths+ in prep

If Tc = 55 K, 
find preliminary fc ~22%

compared to previous 33% (Marx-Zimmer+ 00)

BUT, many Ts values less than 55 K so 
Tc should be smaller



Are the conditions in the neutral gas different  
in the Magellanic Clouds?

GaussPy: Lindner+ 2015 



Tc =18.6 K Tc = 54.7 K Tc =65.1 K 

Are the conditions in the neutral gas different  
in the Magellanic Clouds?

Tc = 21 K Tc = 0.2K 

Jameson, Liu, McClure-Griffiths+ in prep



Conditions of cold gas in self-absorption

Jameson, Liu, McClure-Griffiths+ in prep
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FIG. 6.ÈEmission and absorption spectra in the direction of
J005337[723144, as in Fig. 2.

emission spectra due to the absorption of the continuum to
be at most about 3 K. (We do see such dips in the cases of
J011049[731428 and J011432[732143 on Figs. 11 and
13.) To be certain that the emission spectra are not polluted
by low-level absorption of the background continuum, we
also compute an emission spectrum corresponding to a box

FIG. 7.ÈEmission and absorption spectra in the direction of
J005611[710708, as in Fig. 2.

FIG. 8.ÈEmission and absorption spectra in the direction of
J005732[741244, as in Fig. 2.

7 pixels on a side, centered on the background source posi-
tion, minus the spectrum of the inner 3 ] 3 pixels. The
average of the emission in these 40 pixels is plotted as the
narrower line on the emission spectra of Figures 2È14. It is
referred to as the ““ box ÏÏ spectrum below. The di†erence
between the two is rarely more than 2 or 3 K, as is clear in

FIG. 9.ÈEmission and absorption spectra in the direction of
J010029[713826, as in Fig. 2.

100’ beam
TB ⪎ 20 K
D ≤ 13 pc

NHI ~ 7 x 1020 cm-2



Conditions of cold gas in self-absorption

Jameson, Liu, McClure-Griffiths+ in prep
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Conditions of cold gas in self-absorption

Jameson, Liu, McClure-Griffiths+ in prep

Assuming Tc ~ 20 K, 𝜏peak ~ 0.7
Nc ~ 5 x 1019 cm-2

For P/k ~ 2000 K cm-3 sphere,
n ~ 40 cm-3 and D = 0.14 pc

(Heiles & Troland 2003)

Mc ~ 0.003 M



Conditions of cold gas in self-absorption

Jameson, Liu, McClure-Griffiths+ in prep

Td ~ 25 K (β = 1.5), 𝜏160 ~ 2.7 x 10-5

for NH/𝜏160 = 4.8 x 1025 cm-2

(Jameson+ 2016)
NH = 1.3 X 1021 cm-2, n ~ 40 cm-3

for 𝜅160 = 30.2 cm2/g
(Gordon+ 2014)

Mdust ~ 0.3 M  

assuming GDR ~ 1400
Mgas ~ 420 M  , n ~ 33 cm-3



Probing the HI-to-H2 transition:  
Future ALMA ACA CO Observations 

1 Scientific Justification

The Large and Small Magellanic Clouds (LMC and SMC, respectively) provide the best laboratory
to study the low metallicity ISM at high resolution and provide detailed insight into the physics of
star formation and galaxy evolution in high redshift galaxies at high resolution. One of the major
rate-limiting steps in star formation is the ability to form molecular gas. In the Milky Way, there is a
gap in our ability to trace the gas as it makes the transition from cool atomic hydrogen to molecular
hydrogen, as neither 21-cm emission nor CO emission are bright for environments with a range of
density, temperature, and radiation field that is typical of the outer layers of a molecular cloud. This
“dark” gas may be even more common in the Magellanic Clouds, where the lower dust-to-gas ratio
means the photo-dissociation rate of molecules is higher than in the Milky Way, and the cool atomic
medium may penetrate much deeper into the dense interstellar clouds (Jameson et al. 2016). This
“dark” gas may not be completely dark as Jameson et al. (2017) have shown that there is faint CO
emission out to the estimated H i-to-H2 transition in the outskirts of molecular clouds in star-forming
regions in the SMC using ALMA ACA+TP 12CO (2� 1) observations. In this project we will probe
even more deeply to search for traces of CO emission in regions where we can fully understand the
conditions of the cold neutral gas from H i absorption studies.
We have partially completed a large project (⇠ 500/800 total hours completed) with the Australian

Telescope Compact Array (ATCA) to observe H i (and OH) absorption towards ⇠ 50 cm-wavelength
continuum sources in the LMC and ⇠ 30 in the SMC (PI: McClure-Gri�ths). Figure 1 shows the
positions of all the targeted continuum sources on top of the integrated intensity H i maps with
the subset of sources we will target with the proposed observations. This project will allow us to
measure the variations in the fraction of cold-to-warm H i gas with galactic environment, understand
the relationship between pressure and cold gas temperature, and better understand the nature of
“CO-dark” gas in the Magellanic Clouds. We propose to search for CO emission using the
ACA in standalone mode towards the same continuum sources with measurements of
H i absorption from the ATCA large project in order to study the H i-to-H2 transition
and the nature of the “CO-dark” or “CO-faint” gas at low metallicity.

Figure 1: Integrated H I of LMC (left) and SMC (right) overlaid with target sources. The box size is proportional to
the source flux. The blue circle shows the size of the ATCA primary beam to 80% response.

plus 1 hour per day for very accurate bandpass calibration on 1934-638. From the sensitivity calculator, and our
observing experience, we achieve �s � 3 mJy Bm�1 per 0.8 km s�1 channel (binning 8 CABB narrow-band
channels), giving at least �� = 0.05 on all sources of Sbkg > 60 mJy. Accounting for additional time required to
observe close pairs and the 12hr SMC continuum survey, the total project requires 804 hours to observe our 59
fields, giving 77 sources.

Progress and future plans
We commenced observations in the 16APRS semester and continued through the 16OCTS semester for a total of

514 hours. Given our progress we expect to complete the project in the 17APRS semester. As of writing, we have
observed 31 sources in the LMC and 8 sources in the SMC. By the end of the 16OCTS we expect to have observed
an additional 7 fields (covering 10 sources) in the SMC. Assuming all of the observations go as planned for the
remainder of the current semester, we will have 14 remaining LMC fields (15 sources) and 8 remaining SMC fields
(10 sources) to observe during the 17APRS semester.

All of the data for 16APRS have been calibrated, imaged and spectra extracted. A few sources have required re-
processing and self-calibration to ensure the best quality spectra, that is an on-going process. Data from our recent
November observing are currently being reduced. We have performed automated Gaussian decomposition (Lindner
et al., 2015) on approximately 1/3 of the spectra observed so far. Source lists, observing logs and progress of data
reduction is all captured on our website: http://sites.google.com/site/atcamcs/home. Two exam-
ple sources, one from the LMC and one from the SMC, are shown in Figure 2. These demonstrate the outstanding
quality of our spectra and the multiple cold components detected. The LMC source, 0517-718, was observed by
Dickey et al. (1994). The new, sensitive data have resolved what had appeared as one component of FWHM ⇠ 6
km s�1 into three distinct narrow components, changing the estimates of spin temperature.

HI emission spectra, which are essential for calculations of Ts and NH , are currently being extracted from the
high resolution ATCA+Parkes surveys of the LMC & SMC (Kim et al., 2003; Stanimirović et al., 1999) and will
ultimately be updated with GASKAP for improved parameter determination.

This project is currently well resourced in people-power. In addition to the senior researchers providing guidance
and advice, we have one PhD student (B. Liu at ICRAR/UWA) and one postdoc (K. Jameson at ANU) whose primary
projects involve on this survey. Liu has been responsible for source selection, planning and conducting most of the
observations. K. Jameson has very recently joined ANU and will be working extensively on the comparison with
molecular gas in the SMC. Jameson and Liu are working together on the spectral fitting. Jameson will also manage
the OH spectra.

To complete our original observational request for C3086 we require a total of 288 hours (24 blocks of
12hrs) in the 2017APRS semester. This includes 23.5 days to cover the remaining fields plus 0.5 day to complete
a partially observed field. Fifteen of the requested days are LMC days; we strongly request that these be scheduled
starting no later than 0h LST so that we can reach the earlier sources that we had to skip in the current semester
because of late scheduling.
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Figure 1: Integrated H I of LMC (left) and SMC (right) overlaid with target sources. The box size is proportional to
the source flux. The blue circle shows the size of the ATCA primary beam to 80% response.
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Fig. 1. — Integrated intensity H i images of the LMC (left) and SMC (right) with the background
continuum sources with targeted with the ATCA survey shown with red crosses, the black boxes
show the relative strengths of the sources, and the yellow circles indicate the sources we plan to
target with our proposed observations. The green box shows the location of the ACA+TP 12CO
(2�1) map of the SWDarkPK region (Jameson et al. 2017). The blue circles show the ⇠ 400 ATCA
primary beam FWHM, which translate to ⇠ 600 pc and ⇠ 750 pc for the LMC and SMC.
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The Large and Small Magellanic Clouds (LMC and SMC, respectively) provide the best laboratory
to study the low metallicity ISM at high resolution and provide detailed insight into the physics of
star formation and galaxy evolution in high redshift galaxies at high resolution. One of the major
rate-limiting steps in star formation is the ability to form molecular gas. In the Milky Way, there is a
gap in our ability to trace the gas as it makes the transition from cool atomic hydrogen to molecular
hydrogen, as neither 21-cm emission nor CO emission are bright for environments with a range of
density, temperature, and radiation field that is typical of the outer layers of a molecular cloud. This
“dark” gas may be even more common in the Magellanic Clouds, where the lower dust-to-gas ratio
means the photo-dissociation rate of molecules is higher than in the Milky Way, and the cool atomic
medium may penetrate much deeper into the dense interstellar clouds (Jameson et al. 2016). This
“dark” gas may not be completely dark as Jameson et al. (2017) have shown that there is faint CO
emission out to the estimated H i-to-H2 transition in the outskirts of molecular clouds in star-forming
regions in the SMC using ALMA ACA+TP 12CO (2� 1) observations. In this project we will probe
even more deeply to search for traces of CO emission in regions where we can fully understand the
conditions of the cold neutral gas from H i absorption studies.
We have partially completed a large project (⇠ 500/800 total hours completed) with the Australian
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continuum sources in the LMC and ⇠ 30 in the SMC (PI: McClure-Gri�ths). Figure 1 shows the
positions of all the targeted continuum sources on top of the integrated intensity H i maps with
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measure the variations in the fraction of cold-to-warm H i gas with galactic environment, understand
the relationship between pressure and cold gas temperature, and better understand the nature of
“CO-dark” gas in the Magellanic Clouds. We propose to search for CO emission using the
ACA in standalone mode towards the same continuum sources with measurements of
H i absorption from the ATCA large project in order to study the H i-to-H2 transition
and the nature of the “CO-dark” or “CO-faint” gas at low metallicity.
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Dickey et al. (1994). The new, sensitive data have resolved what had appeared as one component of FWHM ⇠ 6
km s�1 into three distinct narrow components, changing the estimates of spin temperature.

HI emission spectra, which are essential for calculations of Ts and NH , are currently being extracted from the
high resolution ATCA+Parkes surveys of the LMC & SMC (Kim et al., 2003; Stanimirović et al., 1999) and will
ultimately be updated with GASKAP for improved parameter determination.

This project is currently well resourced in people-power. In addition to the senior researchers providing guidance
and advice, we have one PhD student (B. Liu at ICRAR/UWA) and one postdoc (K. Jameson at ANU) whose primary
projects involve on this survey. Liu has been responsible for source selection, planning and conducting most of the
observations. K. Jameson has very recently joined ANU and will be working extensively on the comparison with
molecular gas in the SMC. Jameson and Liu are working together on the spectral fitting. Jameson will also manage
the OH spectra.

To complete our original observational request for C3086 we require a total of 288 hours (24 blocks of
12hrs) in the 2017APRS semester. This includes 23.5 days to cover the remaining fields plus 0.5 day to complete
a partially observed field. Fifteen of the requested days are LMC days; we strongly request that these be scheduled
starting no later than 0h LST so that we can reach the earlier sources that we had to skip in the current semester
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Fig. 1. — Integrated intensity H i images of the LMC (left) and SMC (right) with the background
continuum sources with targeted with the ATCA survey shown with red crosses, the black boxes
show the relative strengths of the sources, and the yellow circles indicate the sources we plan to
target with our proposed observations. The green box shows the location of the ACA+TP 12CO
(2�1) map of the SWDarkPK region (Jameson et al. 2017). The blue circles show the ⇠ 400 ATCA
primary beam FWHM, which translate to ⇠ 600 pc and ⇠ 750 pc for the LMC and SMC.

1

map of the SMC (Mizuno et al. 2001). The region is also quiescent with no active star formation
nearby. As most of the radio continuum sources with H i absorption line measurements are found
away from star forming regions, the SWDarkPK region provides a similar environment that allows
us to better estimate the properties of the CO emission in regions with cold neutral gas and likely
molecular gas. In Fig. 3. we see that the 12CO (2 � 1) emission is clumpy and the structures are
generally < 3000, which is the maximum recoverable size scale of the ACA. While the small, faint
structures may be unresolved, we are mainly interested in the strength of the 12CO emission, not
the small-scale structure along these lines-of-sight. This makes ACA-only observations ideal for our
proposed project.

Fig. 4. — Peak temperature 12CO (2 � 1)
ACA+TP map (⇠ 700 resolution) for the qui-
escent SWDarkPK region in the SMC from
Jameson et al. (2017) with contours show-
ing the 1, 2, 4, 6, 8, 10 K levels. The re-
gion shows faint, clumpy emission in a re-
gion away from active star formation, which
we expect to be similar to the regions where
we have H i absorption line measurements.
Due to the clumpy nature of the CO emis-
sion, ACA-only data should be su�cient as
the structures are smaller than the maxi-
mum recoverable size-scale of ⇠ 3000.

In the SWDarkPK, the peak temperature of the faint emission is ⇠ 1 K. The H i column density
in the SWDarkPK is on the higher end of those probed by the ATCA survey (NHi ⇠ 1⇥ 1021 cm�2),
with a more representative column density being ⇠ 4⇥ lower. We scale the faintest emission in
SWDarkPK lower by a factor of 4 and adopt Tpeak ⇠ 0.025 K as our representative estimate of the
peak 12CO emission. To detect 0.25 K at the high resolution of the correlator mode (⇠ 0.3 km s�1)
at S/N = 10 will require a sensitivity of 0.025 K, which can be achieved in ⇠ 1.7 hours on-source
observation time for each source. We will also be able to further average the data to at least 1 km
s�1 channels, which will allow us to detect down to Tpeak ⇠ 0.07 K at S/N ⇠ 5 given that narrow
lines will likely still be ⇠ 3 km s�1 wide. These single-pointing maps will be ⇠ 7⇥ more sensitive
than the existing map of SWDarkPK. While it is unlikely that we will detect 13CO in these di↵use
regions, if there is detected 13CO it will inform us about the conditions of the molecular gas and
indicate the presence of dense molecular gas.
Finally, our continuum observations will reveal whether any of the cm-continuum sources also have

detectable continuum emission in the mm-wavelengths. We have included all sources detected in the
Australia Telescope 20 GHz (AT20G) Survey (Murphy et al. 2010) in our subset of targets. If we
find mm-continuum sources, this will be highly useful to be able to target them for future molecular
absorption line observations, in particular to look for HCO+ absorption as another indicator of
molecular gas.
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Probing the HI-to-H2 transition: OH Absorption 
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HI
H2 from dust

LMC 0540-6906 
N(OH) < 4.2 – 29 x 1014 cm-2

N(H2) < 0.6 – 4.3 x 1022 cm-2

0527-6549
N(OH) < 2.0 – 13 x 1014 cm-2

N(H2) < 0.3 – 2.0 x 1022 cm-2

0517-718 
N(OH) < 1.5 – 10 x 1014 cm-2

N(H2) < 0.2 – 1.5 x 1022 cm-2

Work in progress by undergraduates Laurin Gray (U. Arizona), Frances Buckland-Willis (ANU) 



Pouch-sized Talk
New HI and OH absorption line survey in LMC and SMC

- >2x more sources
- up to 10x greater sensitivity
- 8x higher spectral resolution
- Ability to study small-scale structure

Preliminary Results
• LMC: <Ts>  larger, fc lower than previous work
• evidence for HI self-absorption
• OH absorption upper limits consistent with dust-based

  H2 limits
Future ALMA CO data for subset of sources


