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  What to look for in the next few years… 

  Molecular clouds at low metallicity. 

  PDR Structure: H2, HI, CII, and CO 

  Scaling relations: SFR, CO, HI, and stars. 

  Things should be different at low metallicity. 1 
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  Less metals mean less dust. 1 
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  Covariant with stellar, gas, kinematic structure. 1 

CO HI velocity stars star formation 

Sp
ira

l 
D

w
a

rf
 G

a
la

xi
e

s 



  Covariant with stellar, gas, kinematic structure. 1 

LEROY ET AL. (2008) 
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  Structural differences affect cloud formation. 1 
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Lower columns mean less molecules 



  Big, high SFR low-metal galaxies (esp. at high z) 1 

MANNUCCI ET AL. (2009, 2010) 

Evolution with redshift Mass as a third parameter 



  Molecular gas (CO) very hard to observe. 1 

ELMEGREEN ET AL. (2013) 

WLM – first CO detection below 12+log O/H ~ 8.0 



  Things should be different at low metallicity. 1 

•  Low metals mean less dust 

•  Dust affects visibility of gas (CO), H2-HI balance 

•  Z covariant with gas, stellar, kinematic structure 

•  Column correlates with H2-HI balance 

•  SFR as a third parameter / redshift evolution 

•  CO faint, despite pervasive star formation 
 
	  



  SFR globally tracks HI, with mass dependence. 2 

LEE ET AL. (2009) 

In the local volume SFR tracks HI, tdep~ 1 to 0.1 Hubble times 



  SFR globally tracks stellar content. 2 

LEE ET AL. (2009) 

Doubling time <~ ½ Hubble time, less clear slope than HI 



  SFR/CO increases as metallicity drops 2 

SCHRUBA ET AL. (2012), GENZEL ET AL. (2012) 

Global ratio SFR/CO sharply increases with dropping Z at high/low z 
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  SFR still coincident with H2, local scaling 2 

BOLATTO, LEROY ET AL. (2011), JAMESON, BOLATTO ET AL. (IN PREP.) 

Even as ratio changes, SFR and H2 still show similar distribution. 
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  SFR and CO track in HI dominated regime. 2 

Atomic Gas (21-cm) Molecular Gas (CO 2-1) 
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SCHRUBA ET AL. (2011) 

More generally, SFR still tracks molecular gas in HI-dominated regions. 



  SFR tracks older stars in nearby dwarf galaxies. 2 

HUNTER ET AL. (1998), LEROY ET AL. (2008) 
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Dwarfs in color, spirals in gray 
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  Scaling relations: SFR, CO, HI, and stars. 2 

•  Global SFR tracks HI (with some slope) 

•  Global SFR tracks stellar content 

•  SFR/CO increases with dropping metallicity 

•  SFR still associated with CO where HI dominates 

•  SFR broadly occurs where there are stars 
	  



  PDR Structure: H2, HI, CII, and CO 3 

HI 

C+ C CO 

H2 HII 

HII region PDR 

T~10,000 K T ~ 1,000 to 10 K T ~ 10 K 

Av~1 

C+ + e-  à C 

C+ + S  à C + S+ 

 C + γ   à C+ 

C + OH à CO + H 
CO + γ à C + O 

Av~2 increasing Av 

Self & cross shielded 

Tielens	  &	  Hollenbach	  (1985)	  

Dark cloud 

τCO=1	  surface	  

Dust controls UV extinction and physical sizes of regions 



  CO and H2 surfaces shrink with decreasing Z 3 

H2 C+ 
CO Z 

MALONEY & BLACK (1988), BOLATTO+ (1999), RÖLLIG+ (2006), BOLATTO+ (2013) 

Dropping metallicity pushes H2 in, CO in even faster 



  PDR Structure: H2, HI, CII, and CO 3 
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Physical conditions similar with molecular and atomic cooling 

Being atomic and not molecular doesn’t prohibit cold gas 

GLOVER & CLARK  (2010, 2012) 



  Stars can form before molecules pervade 3 

KRUMHOLZ (2012) 

At low enough metallicity, stars may form before molecules dominate 
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  PDR structure confuses CO observations 3 
Observing these effects complicated by our tracers. 

GLOVER & CLARK (2012) 



  PDR structure confuses CO observations 3 

25

Fig. 9.— Conversion factor, estimated from dust-based approaches, as a function of gas-phase abundance. (Left) Color points
show estimates for very nearby galaxies Israel (1997), Madden et al. (1997, based on [CII] ), Leroy et al. (2007), Gratier et al. (2010),
Roman-Duval et al. (2010), Leroy et al. (2011), Bolatto et al. (2011), and Smith et al. (2012). Gray points show high quality solutions
from analysis of 22 nearby disk galaxies by (Sandstrom et al. 2012), with typical uncertainties illustrated by the error bars near the bot-
tom left corner. Metallicities are from Israel (1997), Bolatto et al. (2008), and Moustakas et al. (2010) and quoted relative to solar in
the relevant system (12 + log [O/H] = 8.7 for the first two, 12 + log [O/H] = 8.5 for the latter which uses the metallicity calibration by
Pilyugin & Thuan 2005). Note that significant systematic uncertainty is associated with the x-axis. The color bands illustrate our recom-
mended ranges in αCO for the Milky Way and ULIRGs. (Right) Colored lines indicate predictions for XCO as a function of metallicity
from the references indicated, normalized to XCO,20 = 2 at solar metallicity where necessary. For these predictions, we assume that GMCs
have 〈ΣGMC〉 = 100 M! pc−2, which we translate to a mean extinction through the cloud using Eq. 21. Dust-based determinations find
a sharp increase in XCO with decreasing metallicity below Z ∼ 1/3–1/2 Z!.

range of possible power law exponents, XCO ∝ Z1 to
Z3. The strength of this approach is that the observa-
tions needed to make such estimates are widely acces-
sible. The weakness, of course, is that it requires as-
suming an underlying relationship between H2 and star
formation. Any true dependence of the star formation
efficiency on metallicity, or any other quantity covariant
with metallicity, will be recast as additional variations in
XCO.
If XCO does increase rapidly moving to low metallic-

ity, our knowledge of the distribution function of molec-
ular column density will present a practical limit to the
usefulness of CO to trace H2. At metallicities perhaps
as high one half solar, half of the H2 mass will exist
outside the CO-emitting surface, and that fraction will
rapidly increase for decreasing metallicity. Thus, appli-
cation of a CO-to-H2 conversion factor at very low metal-
licity ultimately involves extrapolating the total mass
of a cloud from only a small inner part; by Z ′ ∼ 0.1
this may already be analogous to measuring the total
H2 mass of a Milky Way cloud from HCN emission or
some other high density tracer. In the Milky Way, the
fraction of cloud mass in high column density lines of
sight can vary dramatically from cloud to cloud (e.g.,
Kainulainen et al. 2009; Lada, Lombardi & Alves 2010).
In the LMC, Israel et al. (1996) found large region-to-
region variations in the [CII]-to-CO ratio. As one moves
to increasingly low metallicities, the use of CO emission
to quantify the H2 reservoir becomes more and more ex-
trapolative. While difficult to quantify, this effect should
add significant scatter that increases with decreasing
metallicity, and will eventually present a practical floor
past which CO is not a useful tracer of total H2 mass.

7. XCO IN STARBURSTS AND OTHER LUMINOUS
GALAXIES

Molecular gas in starbursts exists under conditions
very different from those found in most normal galaxies.
Observations of starbursts suggest widespread gas vol-
ume and column densities much higher than those typi-
cal of normal disks (e.g., Jackson et al. 1995; Iono et al.
2007). Molecular gas in starbursts is also warmer, ex-
citing higher rotational transitions than those found in
less active objects (e.g., Bradford et al. 2003; Ward et al.
2003; Rangwala et al. 2011). In fact, a negative correla-
tion is observed between molecular gas depletion time
(a parameter that characterizes how long a galaxy can
maintain its current star formation rate), and excita-
tion (e.g., Paglione, Jackson & Ishizuki 1997). Similarly,
a positive correlation exists between gas density and star
formation rate (e.g., Gao & Solomon 2004). These ob-
servations show that there is a fundamental relation be-
tween the density and temperature of the molecular gas
and the existence of starburst activity, such that the gas
present in starbursting galaxies or regions has higher den-
sities and temperatures than those prevalent in quiescent
systems.
What are the effects of higher temperatures, densities,

and column densities on XCO? To first order, higher
gas temperatures yield brighter CO emission, decreasing
XCO. Note, however, that while increasing the temper-
ature decreases XCO, increasing the density and surface
density of the self-gravitating clouds of gas has the op-
posite effect, increasing XCO (see Eqs. 11, 12, and 15).
Therefore we expect a certain level of compensation to
occur, lessening the impact of environment on the con-
version factor as long as most of the CO emission arises
from GMCs. In regions where the average gas density
is comparable to that of a GMC, however, the entire

Shielding with constant surface density 
(Wolfire et al. 2010) 

BOLATTO, WOLFIRE, & LEROY (2013), SANDSTROM ET AL. (2012) 
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  PDR Structure: H2, HI, CII, and CO 3 

•  Dust abundance affects PDR structure 

•  Relative sizes of H2, HI, CO, CII regions change 

•  HI can cool to star forming temperatures 

•  Conversion factor remains a challenging issue 

•  αCO and fmol hard to disentangle observationally 



  Molecular clouds at low metallicity. 4 

– 7 –

3. Results: High-Resolution Millimeter Emission in 30 Doradus

For the first time we can study the detailed subparsec-scale clump mass distribution in ex-

tragalactic clouds. In Cycle 0, ALMA had 1/4 of its expected final sensitivity (and more than

30 times coarser spatial resolution), so the observations presented here were designed as a pilot

program. At >10pc resolution, there are two GMCs within 20pc of the R136 cluster; we chose to

observe the northern, more massive cloud 30Dor-10 (nomenclature from Johansson et al. 1998).

In the following subsections we present the 3-dimensional CO emission distribution, describe other

detected lines and the continuum. Subsequent sections will connect the CO emission to current

star formation detected with infrared and maser emission, and quantitatively analyze the molecular

mass distribution and clump properties.

Fig. 1.— SAGE Spitzer IRAC 3-color image of the northern part of 30 Doradus. Red, green, and

blue are 7.9, 5.8, and 3.6µm, respectively. 12CO 2-1 integrated intensity is overlaid with contour

levels 2, 6, 15, 30, 45 Jy beam−1km s−1; RMS noise is 0.2 Jy beam−1kms. A dashed contour at

the 20% FWHP point of the ALMA mosaic is also shown. R136 is the blue cluster located 45′′

(!11pc) to the south of the field of view mapped by ALMA.

– 8 –

Fig. 2.— (a) ALMA-only integrated 12CO 2-1 intensity image, overlaid with contours of APEX

intensity. (b) combined ALMA+APEX 12CO 2-1 integrated intensity.

3.1. 12CO and 13CO 2-1 Emission

Figure 1 shows integrated 12CO 2-1 emission together with mid-infrared continuum (from the

Spitzer/IRAC SAGE program, Meixner et al. 2006). For the first time, the molecular gas is imaged

at the same resolution as Spitzer/IRAC. 12CO is detected across most of the mapped region. The

R136 cluster is 11 pc in projection southwest from the bottom of 30Dor-10. The edge of the bubble

evacuated by R136 is clear in both infrared and CO emission – the high emission measure edge is

enhanced at 4.5µm (green) because of bright Brα recombination line emission in that IRAC band.

Deeper in the molecular cloud, knots of CO emission correlate to some extent with MIR continuum

from protostars; detailed comparison will be discussed in §4. The 12CO 2-1 integrated maps using

ALMA and APEX alone are compared to the combined map in Figure 2. Figure 3 shows integrated
13CO 2-1 emission, noting the numbers of the most prominent clumps (clump decomposition will

be described in section 6.1).

There is not an overwhelming amount of large-scale or extended 12CO emission in 30Dor-10.

As already noted, 80% of the APEX flux is recovered by ALMA. The intensity distribution is further

quantified in Figure 4 which compares the cumulative brightness distribution in 30Dor-10 and in

the Galactic massive star formation region W3 (Bieging & Peters 2011). The W3 12CO 2-1 cube

has physical resolution of 0.3pc (at 2kpc distance), 0.15K RMS noise per 0.5 km s−1channel, and

peak antenna temperature of 54K, compared to the same quantities in 30Dor-10 of 0.5pc, 0.15K,

and 62K, respectively (§2). There is more diffuse 12CO emission in a Galactic region like W3 than

Less diffuse emission, individual clumps (100-1000 Msun) resolved. 

INDEBETOUW ET AL. (SUBMITTED) 



  Molecular clouds at low metallicity. 4 
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LEROY ET AL. (2009), ROMAN-DUVAL ET AL. (2010), ROMAN-DUVAL ET AL. (IN PREP) 

Possible to resolve PDR structure comparing dust, CO, HI, AV 



  Molecular clouds at low metallicity. 4 
Cloud populations extend GMCs into diffuse MW gas 



  Molecular clouds at low metallicity. 4 
Surface brightness lower at low metallicty 



  Molecular clouds at low metallicity. 4 
Mostly consistent with lower surface density, still bound clouds 



  Molecular clouds at low metallicity. 4 

•  ALMA resolves pc-scale clumps near 30 Dor 

•  Resolved dust-based H2 and CO show PDR 

•  Low-z Local Group clouds extend spiral scalings 

•  Lower CO surface brightness 

•  Consistent with bound, low surface density clouds 



  What to look for next… 5 



  Statistics, populations in SFR/CO 5 
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Metallicity 

KRUMHOLZ, LEROY, AND MCKEE (2011), SCHRUBA ET AL. (2012), GENZEL ET AL. (2012) 

So far we have bright, low hanging fruit 
Robust samples across a range of redshifts… 



  Resolve, overconstrain clouds 5 

INDEBETOUW ET AL. (SUBM.), ROMAN-DUVAL ET AL. (IN PREP) 

Combining CII, dust, CO, HI at high resolution 
“Milky Way” view of low metallicity clouds… 



  Beyond CO at low metallicity 5 

– 37 –

Fig. 1.— Spitzer 5.8 µm, MAGMA CO and ATCA HCO+ and HCN images of N 105. (Top
left) Gray scale 5.8 µm image overlaid with MAGMA CO contours with the positions of

YSOs marked with circles. Coutours are at 4×n (n=1,2,3,4). (Top right) Gray scale 5.8
µm image with the 50% sensitivity and observational boundary of the ATCA HCO+ mosaic
in thick contours; clump boundaries are indicated with thin contours. (Bottom left) The

0th moment (integrated intensity) of the ATCA HCO+ masked version of the data cube (to
reduce noise) in both gray scale and coutour. Contour levels are at 2σ × 2n (n = 0, 1, 2, 3,

4...). Note that the lowest contour represents a 2-sigma detection and that each successive
contour represents a factor of two increase in signal-to-noise. (Bottom right) Same as the

bottom left panel, but for HCN.

HCO+ in the LMC:  

SEALE, OTT, WONG, ET AL. (2012) 

Molecules beyond CO have been challenging beyond the LMC… 
Physical conditions, dense gas fraction at low metallicity 

Brogan et al. (in pre.) 

HCO+	  (1-‐0)	  

CS	  (2-‐1)	  


