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Why link gas and star formation ?
Stars form directly from the molecular gas.   
   --- understand the physical conditions in molecular gas  
   --- devise methods to estimate gas mass 
   --- devise methods to measure the star formation rate 

In most galaxies, the majority of the gas is in the form of atomic 
Hydrogen, "HI", from which the H2 forms.  So an important part 
of the star formation cycle is also the HI --> H2 transformation. 

--- Phases of gas in galaxies 
--- Link between SF and molecular gas and its consequences 
--- How do we trace star formation ?  
--- How can we measure the molecular gas mass ? 
--- HI --> H2 transformation 
--- Variations in Star Formation Efficiency



Why care

                         Gas in Galaxies 

3 phases: ionized (H+, HII), atomic (HI), molecular (H2)  

Ionized gas mass is much smaller that the atomic or molecular gas 
mass in spirals and star-forming Irregular galaxies.  Not necessarily 
in Elliptical galaxies, particularly large ones. 

The HI is usually the dominant mass component of  the gas.  Not 
the case for galaxies with very high Star Formation Rates (SFR). 
Large spirals often have similar HI and H2 masses. 
As the metallicity (size, generally) decreases, HI becomes more and 
more dominant, at least in the local universe.   
The HI is very extended in isolated galaxies but often deficient in 
cluster galaxies. 
HI emission has not been detected at high redshift (z > 0.3) 

Molecular  gas is organized in clouds which follow scaling laws, 
which will be discussed further on.  Mol clouds are cool (10-30K). 



Why care

                         The Atomic Gas 

HI is found in two stable phases, both traced by the 21 cm line:  
a cool (~100K) dense (10-100 cm-3)    and 
a warm diffuse phase (5000 - 8000 K, ~0.1 cm-3)  

Link at large scales between HI and FUV (GALEX) emission 

In large spirals, cool dense phase dominates at R < R25 but warm 
phase further out.  The brightness temperature of  this phase is 
higher than that of  the warm phase due to higher column densities 
and the fact that HI emission via the 21cm line is optically ~thin. 

In small galaxies, warm diffuse phase appears dominant as no 
narrow lines are seen. 

In small objects, the velocity of  diffuse HI can very easily be 
changed through environmental effects and HI is easily stripped. 
CO is a much cooler and robust tracer of  dynamics.



Why care

                               Molecular Gas  

            H2 forms from HI on dust grains 
In the bright inner parts of  spirals, some of  the HI is from photo-
dissociated molecular gas.  The HI is "native" in the outer parts 
where the interstellar radiation field (ISRF) is very low. 

In all local galaxies, H2 is organized in molecular clouds.  Most 
studies find that most of  the mass is in GMCs (Giant Molecular 
Clouds).   

Studies of  Galactic clouds, and extragalactic insofar as possible, 
suggest GMCs are gravitationally bound (T + U = 0) or 
"Virialized" (2T + U = 0, twice as massive).  Molecular clouds are 
supported by turbulence; thermal line widths are negligible at the 
typical 10-20 K temperatures.  Role of  magnetic field hotly debated. 

This method requires molecular spectroscopy. 
Dust emission is another method (e.g. Tabatabaei et al 2014).
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Fig. 7.— Top: The radial distribution of surface densities of atomic gas, molecular gas, and star formation rate for the MW. The atomic
data were supplied by P. Kaberla, (Kalberla & Dedes 2008), but we corrected for helium. The discontinuity around 8.5 kpc reflects the
inability to model HI near the solar circle. The molecular data are taken from Table 1 in Nakanishi & Sofue (2006), but scaled up to be
consistent with the bottom panel, using X(CO) = 2.0× 1020 and multiplying by 1.36 to include helium. The molecular surface density
in the innermost bin is highly uncertain and may be overestimated by using a constant value of X(CO) (§2.4). The Σ(SFR) is read from
Figure 8 in Misiriotis et al. (2006), but it traces back, through a complex history, to Guesten & Mezger (1982), based on radio continuum
emission from HII regions. That result was in turn scaled to the latest estimate of total star formation rate in the MW of 1.9 M⊙ yr−1

(Chomiuk & Povich 2011). Separate points for Σmol and Σ(SFR) are plotted for the CMZ (Rgal < 250 pc). An uncertainty of 0.3 was
assigned arbitrarily to the values of log Σ(SFR). Bottom: Same as the top panel, but for NGC 6946. It is based on a figure in Schruba
et al. (2011) but modified by A. Schruba to show radius in kpc for ready comparison to the plot for the MW. Reproduced by permission
of the AAS. All gas distributions for both galaxies include a correction for helium.

Milky Way gas and SF 
rate surface densities

Kennicutt & Evans 2012

SFR follows H2
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Fig. 8.— Sampling data for all 7 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 6 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 panel) 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

H2 consumption time of 2 x 10^9 years
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Fig. 14.— Taken from Lada et al. (2010). Relation between N(YSOs), the number of YSOs in a cloud, and M0.8, the integrated cloud
mass above the threshold extinction of AK0 = 0.8 mag. For these clouds, the SFR is directly proportional to N(YSOs), and thus this graph
also represents the relation between the SFR and the mass of highly extincted and dense cloud material. A line representing the best-fit
linear relation is also plotted for comparison. There appears to be a strong linear correlation between N(YSOs) (or SFR) and M0.8, the
cloud mass at high extinction and density. Taken from Lada et al. (2010). Reproduced by permission of the AAS.

Number of 
Young Stellar Objects

in Milky Way molecular
clouds.

Kennicutt & Evans 2012

NYSO follows M(H2)
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Fig. 11.— Upper: Relationship between the disk-averaged surface densities of star formation and gas (atomic and molecular) for different
classes of star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses normalized to the radius of
the main star-forming disk. Colors are similar to Figure 9, with black points representing normal spiral and irregular galaxies, red points
infrared-selected starburst galaxies (mostly LIRGs and ULIRGs, and green points denoting circumnuclear starbursts with SFRs measured
from Paα measurements. The MW appears as a magenta square. Purple crosses represent nearby low surface brightness galaxies, as
described in the text. Open blue circles denote low-mass irregular and starburst galaxies with estimated metal (oxygen) abundances less
than 0.3Z⊙. For this plot a constant X(CO) factor was applied to all galaxies. The line shows a fiducial relation with slope N = 1.4 (not
intended as a fit to these data). The sample of galaxies has been enlarged from that studied in Kennicutt (1998b), with many improved
measurements as described in the text. Lower: Corresponding relation between the total (absolute) SFR and the mass of dense molecular
gas as traced in HCN. The line is a linear fit, which contrasts with the non-linear fit in the left panel. Figure adapted from Gao & Solomon
(2004). Reproduced by permission of the AAS.

ULIRGS

BCDs
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Fig. 11.— Upper: Relationship between the disk-averaged surface densities of star formation and gas (atomic and molecular) for different
classes of star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses normalized to the radius of
the main star-forming disk. Colors are similar to Figure 9, with black points representing normal spiral and irregular galaxies, red points
infrared-selected starburst galaxies (mostly LIRGs and ULIRGs, and green points denoting circumnuclear starbursts with SFRs measured
from Paα measurements. The MW appears as a magenta square. Purple crosses represent nearby low surface brightness galaxies, as
described in the text. Open blue circles denote low-mass irregular and starburst galaxies with estimated metal (oxygen) abundances less
than 0.3Z⊙. For this plot a constant X(CO) factor was applied to all galaxies. The line shows a fiducial relation with slope N = 1.4 (not
intended as a fit to these data). The sample of galaxies has been enlarged from that studied in Kennicutt (1998b), with many improved
measurements as described in the text. Lower: Corresponding relation between the total (absolute) SFR and the mass of dense molecular
gas as traced in HCN. The line is a linear fit, which contrasts with the non-linear fit in the left panel. Figure adapted from Gao & Solomon
(2004). Reproduced by permission of the AAS.

HI      H2
dominated

“Kennicutt-Schmidt” laws.

Slope of 1.4 when using HI+H2 but 
unity for normal objects when using 
H2 only (right).  
Roughly constant transformation 
of dense gas into stars (below). 

From Gao&Solomon 2004
Kennicutt 2012
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Why care

                               SO WHAT ? 

   If  a given mass of  molecular gas 
systematically produces the same mass 
of  stars ==> SF processes similar over  
the range of  objects observed 

This defines a constant 
Star Formation Efficiency  
SFE = SFR/M(H2) 

==> SF processes are probably local, 
i.e. marginally influenced by the  
large-scale environment



Why care

                               Tracing Star Formation 
-- small scales: individual stars (Milky Way) 
-- 10-100pc scales: clusters (e.g. M33) 
-- larger scales: use emission from young 
(i.e. massive) stars

Halpha emission:  OB stars, but extinction
Far-UV emission:  OBA stars, but extinction and some 
      other sources
reprocessed photons, absorbed by dust and re-emitted 
in the mid (8microns) to far InfraRed (24-350microns):
   Excellent but somewhat dependent on metallicity, 
   not sensitive to extinction
Free-free (radio) emission: difficult to measure  and to 
separate from synchrotron
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Edvige Corbelli et al.: From molecules to YSC in M33

Fig. 5. Positions of CO-clouds (red circles) over the 24 µm
Spitzer map.

tion (better than the 6 arcsec resolution of 24 µm map) some of
these clouds seem associated only with di↵use MIR emission.

In Figure 6 we plot the GMC positions over the HI map at a
spatial resolution of 10 arcsec, very similar to the CO map res-
olution. The 21-cm map, presented in Corbelli et al. (2014) is
obtained by combining VLA and GBT data. There is an extraor-
dinary spatial correspondence between the GMCs and the dis-
tribution of atomic hydrogen overdensities, underlined also by
Engargiola et al. (2003) and quantified by Gratier et al. (2012).
This correspondence seems to weaken at large galactocentric
radii. Here, in fact, we notice the presence of bright HI fila-
ments in areas devoid of GMCs. This may be due to a decrease
of the CO J=2-1 line brightness far from the galaxy center be-
cause of CO dissociation, or due to a gradient in metallicity
(Magrini et al. 2010) or gas density (which implies a lower CO
J=2-1/J=1-0 line ratio). Another possibility is that fewer GMCs
are formed in the absence of spiral arms. Spiral arms may fa-
vor the growth of GMCs by collisional aggregation of smaller
clouds. In the absence of the arms, only individual molecular
clouds of lower mass and size than GMCs may be found, un-
detected by the survey because of beam dilution. In the outer
regions most of the CO J=2-1 emission is in fact di↵use, at the
12” resolution of our CO data, which may be due to low mass
clouds. For R < 4 kpc most of the detected CO emission is due to
GMCs in the catalogue (Druard 2014). Furthermore, as pointed
out already by Engargiola et al. (2003), the presence of a high
HI surface density is a necessary condition but not a su�cient
one for the formation of molecular clouds: the atomic gas might
just not be converted into molecules if hydrostatic pressure and

Fig. 6. Positions of GMCs and YSCCs analyzed in this paper are
plotted on top of the 21-cm map at 10 arcsec resolution. Red
circles indicate the positions of GMCs, yellow and blue crosses
indicate the position of YSCCs not associated and associated
with clouds respectively.

the dust content decrease as it happens going radially outwards
in a spiral disk. In Section 7 we will discuss further what can
cause the drop in the number density of GMCs in the outer disk
of M33 by examining the association of GMCs with YSCCs and
the GMC lifetime.

3.2. The association between GMCs and YSCCs: a close
inspection of cloud boundaries and the YSCC
classification

The spatial correspondence between the position of GMCs and
that of YSCCs can be studied by an accurate inspection of the
area covered by each GMC. We start by searching for YSCCs
which are within 1.5 cloud radii of all GMCs listed in Table 5.
Since GMCs are often not spherical, we used a search radius
larger than the cloud radius and subsequently we checked the as-
sociation by inspecting visually the GMC contours drawn over
the M33 Spitzer images at 8 and 24 µm (as for cloud classifica-
tion). If in projection a YSCC and a GMC overlap we claim they
are associated.

We searched for optical or UV counterparts to YSCCs by an-
alyzing the H↵ and GALEX-FUV images of M33 and by check-
ing the SDSS image at the location of each MIR-source. Taking
into account whether a YSCC is associated with a GMC or not
and whether it has or not an optical counterpart, we place the 630
YSCCs into 4 di↵erent categories. We describe these categories

6

Giant Molecular Clouds 
(GMCs)  in red

Young Star Clusters in 
blue and yellow

Most clusters are actually 
within molecular clouds!

Background grey-scale is 
HI column density

Corbelli+2017

Messier 33
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Fig. 4. Four images of 3 selected areas of the M33 disk used to
classify 3 GMCs: cloud 461 as inactive or A-type (top), cloud
147 with embedded SF or B-type (middle), and cloud 15 with
exposed SF or C-type (bottom). The CO J=2-1 integrated inten-
sity contours for each GMC (solid white line, first contour at
80 mK km s�1) are plotted on maps of H↵ (upper left panel),
Spitzer 8 µm (upper right panel), GALEX FUV (lower left
panel), and Spitzer 24 µm (lower right panel). The CO J=2-1
beam is plotted in the lower left corner of each panel and it is
marked with a thicker line in the upper left panel.

methods with di↵erent levels of accuracy; each method is de-
scribed in the following subsections.

Using the Spitzer satellite 24µm data, Sharma et al. (2011)
have selected 915 MIR-sources in the area covered by the M33
disk. Complementing the mid and far-infrared Spitzer data with
UV data from the GALEX satellite and with H↵ data, it has been
possible to build up the Spectral Energy Distribution (SED) for
most of the sources. The optical images cover a smaller region
than the Spitzer images and hence for about 60 MIR-sources at
large galactic radii the SED could not be derived. The presence
in the sample of a few AGBs, the weakness of the emission in
the H↵ or UV bands of some sources, and some large photo-
metric errors, has further limited to 648 the number of MIR-
sources with available SEDs (Sharma et al. 2011). We find that
738 out of the 915 MIR-sources catalogued by Sharma et al.
(2011) are within the area of the CO survey. By visually inspect-
ing these 738 sources in several bands and with available stellar
catalogues we eliminated obvious AGB and Milky Way stars as
well as background galaxies. The SDSS has been used to inspect
the source optical morphology or the photometric redshift when
the associated H↵ emission is weak, below ⇠ 1036 erg sec�1.
We have excluded sources with a reliable redshift determination
(with a �2 < 3 as given by SDSS), and a few MIR-sources with
X-ray counterparts since these are probably background sources
(QSOs, galaxies etc..).

We have a final sample of 630 MIR-sources which are strong
candidates for being star forming sites over the area covered by
the IRAM CO-all-disk survey and we shall refer to the young
stellar clusters associated with these MIR-sources as YSCCs.
The purpose of the identification of YSCCs in this paper is to
associate them with GMCs to study cloud and star formation
properties across M33. The YSCCs may have an optical coun-
terpart, or may be fully embedded, detected only in the infrared
while stars are still forming. Soon after stars of moderate mass
are born, the dust in the surrounding molecular material absorbs
almost all the UV and optical emission of the recently born stars
and re-emits the radiation in the Mid and Far-IR. Hence, MIR-
sources without optical or UV counterparts might indicate the
presence of recently born stars still in their embedded phase.
Furthermore one has to bear in mind that small star forming sites
might be below the critical mass to fully populate the IMF and
only occasionally form a massive stellar outlier with H↵ or FUV
luminosity above the detection threshold. This implies that for
the purpose of this paper, i.e. association of YSCCs with molec-
ular clouds, both MIR-sources with and without UV or H↵ coun-
terparts are of interest. Ages and masses are available for 506
YSCCs with UV and H↵ emission, and have been determined
by Sharma et al. (2011).

3.1. The association between GMCs and YSCCs:
filamentary structures across M33

In Figure 5 we plot the position of the 566 GMCs over the 24 µm
image to show their large scale distribution over a MIR-Spitzer
image of M33. Even though the correspondence between MIR-
peaks, which are YSCCs, and GMCs is not a one-to-one cor-
respondence, the majority of GMCs lie along filaments traced
by the MIR emission. There are no GMCs in areas devoid of
MIR emission. There are however some regions where MIR fil-
aments are present but no GMCs have been found. Similarly,
some GMCs are present along tenuous and di↵use MIR fila-
ments but don’t overlap with emission peaks i.e. with compact
sources as those detected by the Sharma et al. (2011) extraction
algorithm. Even using the Spitzer 8 µm map at 3 arcsec resolu-
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80 mK km s�1) are plotted on maps of H↵ (upper left panel),
Spitzer 8 µm (upper right panel), GALEX FUV (lower left
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beam is plotted in the lower left corner of each panel and it is
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scribed in the following subsections.
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have selected 915 MIR-sources in the area covered by the M33
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stellar clusters associated with these MIR-sources as YSCCs.
The purpose of the identification of YSCCs in this paper is to
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properties across M33. The YSCCs may have an optical coun-
terpart, or may be fully embedded, detected only in the infrared
while stars are still forming. Soon after stars of moderate mass
are born, the dust in the surrounding molecular material absorbs
almost all the UV and optical emission of the recently born stars
and re-emits the radiation in the Mid and Far-IR. Hence, MIR-
sources without optical or UV counterparts might indicate the
presence of recently born stars still in their embedded phase.
Furthermore one has to bear in mind that small star forming sites
might be below the critical mass to fully populate the IMF and
only occasionally form a massive stellar outlier with H↵ or FUV
luminosity above the detection threshold. This implies that for
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ular clouds, both MIR-sources with and without UV or H↵ coun-
terparts are of interest. Ages and masses are available for 506
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image of M33. Even though the correspondence between MIR-
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by the MIR emission. There are no GMCs in areas devoid of
MIR emission. There are however some regions where MIR fil-
aments are present but no GMCs have been found. Similarly,
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sources as those detected by the Sharma et al. (2011) extraction
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At small scales, clearly, the relationship breaks down as molecular 
clouds do not immediately form stars.  Approx 1/4 without SF.

Above are two M 33 clouds from Corbelli+2017, Gratier+2012 



Why care

                             Tracing Star Formation (2) 

a)    All of these tracers are dominated 
       by the more massive stars

b)   Similar results are generally obtained 
(at large scales) from all of the tracers, 
despite their sensitivity to different 
mass ranges

==> moderate to high mass end of stellar  
Initial Mass Function (IMF) does not vary greatly 



Star Formation 43

Fig. 3.— Top: relation between observed 24 µm IR luminosity and dust-corrected Hα luminosity for nearby galaxies. The dust corrections
were derived from the absorption-corrected Hα/Hβ ratios in optical spectra. The dotted line shows a linear relation for comparison, while
the other lines show published fits to other samples of galaxies. Bottom: linear combination of (uncorrected) Hα and 24 µm luminosities
compared to the same Balmer-corrected Hα luminosities. Note the tightness and linearity of the relation over nearly the entire luminosity
range. Taken from Kennicutt et al. (2009); reproduced by permission of the AAS.

Star Formation 51

Fig. 11.— Upper: Relationship between the disk-averaged surface densities of star formation and gas (atomic and molecular) for different
classes of star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses normalized to the radius of
the main star-forming disk. Colors are similar to Figure 9, with black points representing normal spiral and irregular galaxies, red points
infrared-selected starburst galaxies (mostly LIRGs and ULIRGs, and green points denoting circumnuclear starbursts with SFRs measured
from Paα measurements. The MW appears as a magenta square. Purple crosses represent nearby low surface brightness galaxies, as
described in the text. Open blue circles denote low-mass irregular and starburst galaxies with estimated metal (oxygen) abundances less
than 0.3Z⊙. For this plot a constant X(CO) factor was applied to all galaxies. The line shows a fiducial relation with slope N = 1.4 (not
intended as a fit to these data). The sample of galaxies has been enlarged from that studied in Kennicutt (1998b), with many improved
measurements as described in the text. Lower: Corresponding relation between the total (absolute) SFR and the mass of dense molecular
gas as traced in HCN. The line is a linear fit, which contrasts with the non-linear fit in the left panel. Figure adapted from Gao & Solomon
(2004). Reproduced by permission of the AAS.

ULIRGS

BCDs

HI      H2
dominated

Kennicutt 2012

Above: comparison of SF tracers
Left: "Kennicutt-Schmidt" plot
for a large sample of galaxies

Kennicutt & Evans 2012

SFR follows H2



Molecular gas mass: commonly used molecules

The most commonly observed molecules are  
CO, the most abundant heteronuclear (➔ electric Dipole mom µ) mol. 
           low dipole moment ➔ relatively easily thermalized 
CS, HCN, HCO+ : tracers of dense gas 
           high dipole moments ➔ excited only in dense gas 
These molecules are typically optically thick but we can use 
their isotopes, particularly with 13C or 18O, to estimate the 
optical depth and column density. 

Note the absence of H2, which has no rotational dipole transitions 
because the nuclei are identical ➔ the most abundant molecule is 
not detectable in quiescent molecular clouds! 

Helium emission is also invisible in molecular clouds.





The mass of molecular hydrogen
Due to a lack of a dipole moment, cool H2 is not directly detectable,  
the CO lines are optically thick, and most other molecules are difficult to 
excite.  Fortunately, 
(a) molecular clouds are self-gravitating and  
(b) follow a size-linewidth relation                                            (S=size) 
(c) and a mass-radius relation                          ==> ~constant column 
(d) the cloud mass spectrum is approximately known in our Galaxy.  

(b) and (c) are known as Larson's laws. 

So, measuring the CO emission enables one to “count” the  
clouds and thus estimate their total mass. 
M ~ R2 ~ δV4   or M ~ RV2 and flux I ~ T R2 δV        (R2 ~ area) 

Line intensity from one cloud is then I ~ T R2 δV /beam_area 
so that one can simply count the clouds without seeing them  
Individually, as long as they do not hide each other. 



The mass of molecular hydrogen (2)
In practice, one uses the galactic cloud mass spectrum, implicitly  
assuming that in other spirals the mass spectrum is the same, to 
determine an average H2 column density (i.e. mass) per unit CO 
emission.  A typical value is: 

N(H2)/Ico = 2   1020 H2 cm-2 (K km/s)-1 

There is now a lot of evidence that  
  * this is valid for disks of spiral galaxies 
  * except for the very outer parts (because of decreasing T), 
        where the ratio is probably higher 
  * except for the inner/central regions of galaxies where cloud 
        properties are different due to tidal forces and T higher 
        so ratio lower 
  * this is really only valid for spirals (not Dw gal)  

Ref:    Dickman et al. 1986 for the MW;  
          



A 100pc region in M33: not always easy to interpret...
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H2 

CO 

CO
CO

solar Z, 
moderate UV

low Z, 
moderate UV

low Z, 
high UV

Basic molecular cloud model, 
known for decades.

Very low Av cloud edges not traced by CO.
More severe for subsolar Z regions, 

resulting in a higher NH2/Ico ratio.

NH2/Ico is for a population of clouds, not 
for individual lines of sight (properties vary).

M33: true spiral 
morphology  

and ~half-solar 
metallicity.

==> stepping 
stone to 
younger objects
N6822, LMC, SMC, IC10



Blackbody Radiation (dust)

Planck formula:  Bν(T) = 2 h ν3/c2  1/[exp(hν/kT) – 1] 

For thermal radiation, such as from dust or non-masing 
spectral lines, the blackbody formula represents the strongest 
possible level of radiation. 

Emission Sν = Bν(T) Ωs [1-exp(-τ)]    where τ is the 
optical depth and Ωs is the solid angle of the source. 

Spectral lines are narrow features: in an atomic or molecular 
cloud, although the gas mass is at least 100 times that of the dust, 
the dominant energy exchange is through the dust emission 
and absorption.



Optically thin continuum emission (dust)
The long wavelength thermal dust continuum emission can also 
be used to estimate hydrogen column densities.  
At wavelengths near 1mm, the dust emission is optically thin 
and close to being in the R-J approx., meaning that the flux  
for a given mass of dust only varies linearly with its temperature. 
At shorter wavelengths, the emission increases very sharply with 
temperature such that cool dust is virtually invisible at wavelengths 
shorter than a few 100 microns. 

dust cross section (DL84) σ = 1.1  10-25 (ν/1.2THz)2     cm2 per H 
opt. thin ==> Sν = Bν(T) Ωs [1-exp(-τ)] = Bν(T) τ Ωs  , τ = NH σ   

Mgas = Ωs D2 NH mp =  S D2 mp / (Bν(T) σ) 
To get N(H2), need to subtract N(HI): M(H2) = Mgas - M(HI) 



Why link gas and star formation ?
Stars form directly from the molecular gas.   
   --- understand the physical conditions in molecular gas  
   --- devise methods to estimate gas mass 
   --- devise methods to measure the star formation rate 

In most galaxies, the majority of the gas is in the form of atomic 
Hydrogen, "HI", from which the H2 forms.  So an important part 
of the star formation cycle is also the HI --> H2 transformation. 

--- Phases of gas in galaxies 
--- Link between SF and molecular gas and its consequences 
--- How do we trace star formation ?  
--- How can we measure the molecular gas mass ? 
--- HI --> H2 transformation 
--- Variations in Star Formation Efficiency



Molecular cloud formation: 
the HI       H2 transition

Pressure?
       photodissociation?        

1) the molecular fraction increases 
as the total gas column increases.

BUT
2) at any given gas column, the 
molecular fraction decreases with 
radius. 

WHY?

distance

NH



is the HI       H2 transition due to pressure?



the pressure-
based schemes 
predict more 

H2 than 
observed
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1. Introduction
What causes the atomic gas to become molecular ?

In this work, we use the CO observations presented by
Druard (2014) and the H i observations presented in Gratier et al.
(2010), both with a resolution of 12”. Given the roughly half-
solar metallicity of M 33, we use a N(H2)/ICO conversion
of 4 × 1020 cm−2/(K km s−1) (Gratier et al. 2012; Braine et al.
2010) and assume a constant (2 − 1)/(1 − 0) line ratio of 0.8
(Druard 2014). This is equivalent to N(H2)/ICO(2−1) = 5 ×
1020 cm−2/(K km s−1).

In M 33, the azimuthally averagedΣH2/ΣH i is slightly greater
than unity in the central kpc but decreases rapidly as can be seen
in Fig. 1, such that M 33 is very much a galaxy dominated by
atomic gas. The values in Figure 1 are from the mass surface
densities of each component averaged over annuli of width 0.5
kpc.

Figure 2 provides another way of looking at the data, ex-
pressing the molecular fraction as a function of the total gas sur-
face density for a set of radial intervals. This figure is equiva-
lent to what was shown in Fig. 13 of Gardan et al. (2007) but
now with a much more complete coverage of M 33. It is striking
how much the moleclar fraction decreases for any given gas col-
umn density as one moves out in the galaxy. The ΣH2/ΣH i ratios
were calculated for each pixel with the condition that the H i be
well detected (above the 150 K km s−1 level but the value of this
threshold does not affect the results) in order to avoid having the
denominator take values close to zero. No condition was placed
on the CO.

These are the data with which we will attempt to evaluate the
models described in the following section.

2. Models examined
Models fall into essentially two categories: those which as-
sume the main variable is the pressure, contributed by the
gas and the stars (Elmegreen 1989, 1993; Wong & Blitz 2002;
Blitz & Rosolowsky 2004, 2006), and those which base the
H i→H2 conversion on the shielding, such that the main variables
are the metallicity (dust absorption scaling approximately with
metallicity) and radiation field (Krumholz et al. 2008, 2009;
Sternberg et al. 2014).

The parameter we use is the molecular-to-atomic surface
(mass) density ratio, ΣH2/ΣH i, which we refer to as the molecu-
lar fraction. Some works define molecular fraction as ΣH2/(ΣH i+
ΣH2 ). The two are linked simply as follows:

ΣH2/ΣH i =
ΣH2

ΣH i + ΣH2
/ (1 −

ΣH2

ΣH i + ΣH2
)

2.1. Pressure-based models

Elmegreen (1989) give the following expression for the mid-
plane pressure in a disk of stars and gas:

P =
π

2
GΣgas(Σgas +

Σstarvgas
vstar

)

Blitz & Rosolowsky (2004) provide the following simplifica-
tionfor the mid-plane pressure (their Eq. 1):

P = Σgasvgas
√
G (
!

Σstar

hstar
+

"

πΣgas

4hgas
)

If it is assumed that the gas pressure is negligible, as is the case
over much of galactic disks, then this becomes (their Eq. 2):

P = 0.84
#

G Σstar Σgas
vgas
√
hstar

After dividing by the Boltzmann constant to express the pres-
sure in units of K cm−3, a nearly linear relation appears between
the molecular fract

ΣH2/ΣH i = (
P

3.5 × 104
)0.92

Wong & Blitz (2002) and citetLeroy08 find a very similar
scaling with pressure (see e.g. Eq. 34 in Leroy et al. 2008):

ΣH2/ΣH i = (
P

1.7 × 104
)0.8

Figure 3 shows how the molecular fraction varies with radius
according to the above prescriptions. Probably the most impor-
tant effect is that the observed ratio decreases more quickly. The
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1. Introduction
What causes the atomic gas to become molecular ?

In this work, we use the CO observations presented by
Druard (2014) and the H i observations presented in Gratier et al.
(2010), both with a resolution of 12”. Given the roughly half-
solar metallicity of M 33, we use a N(H2)/ICO conversion
of 4 × 1020 cm−2/(K km s−1) (Gratier et al. 2012; Braine et al.
2010) and assume a constant (2 − 1)/(1 − 0) line ratio of 0.8
(Druard 2014). This is equivalent to N(H2)/ICO(2−1) = 5 ×
1020 cm−2/(K km s−1).

In M 33, the azimuthally averagedΣH2/ΣH i is slightly greater
than unity in the central kpc but decreases rapidly as can be seen
in Fig. 1, such that M 33 is very much a galaxy dominated by
atomic gas. The values in Figure 1 are from the mass surface
densities of each component averaged over annuli of width 0.5
kpc.

Figure 2 provides another way of looking at the data, ex-
pressing the molecular fraction as a function of the total gas sur-
face density for a set of radial intervals. This figure is equiva-
lent to what was shown in Fig. 13 of Gardan et al. (2007) but
now with a much more complete coverage of M 33. It is striking
how much the moleclar fraction decreases for any given gas col-
umn density as one moves out in the galaxy. The ΣH2/ΣH i ratios
were calculated for each pixel with the condition that the H i be
well detected (above the 150 K km s−1 level but the value of this
threshold does not affect the results) in order to avoid having the
denominator take values close to zero. No condition was placed
on the CO.

These are the data with which we will attempt to evaluate the
models described in the following section.

2. Models examined
Models fall into essentially two categories: those which as-
sume the main variable is the pressure, contributed by the
gas and the stars (Elmegreen 1989, 1993; Wong & Blitz 2002;
Blitz & Rosolowsky 2004, 2006), and those which base the
H i→H2 conversion on the shielding, such that the main variables
are the metallicity (dust absorption scaling approximately with
metallicity) and radiation field (Krumholz et al. 2008, 2009;
Sternberg et al. 2014).

The parameter we use is the molecular-to-atomic surface
(mass) density ratio, ΣH2/ΣH i, which we refer to as the molecu-
lar fraction. Some works define molecular fraction as ΣH2/(ΣH i+
ΣH2 ). The two are linked simply as follows:

ΣH2/ΣH i =
ΣH2

ΣH i + ΣH2
/ (1 −
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2.1. Pressure-based models

Elmegreen (1989) give the following expression for the mid-
plane pressure in a disk of stars and gas:

P =
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tionfor the mid-plane pressure (their Eq. 1):

P = Σgasvgas
√
G (
!

Σstar

hstar
+

"

πΣgas

4hgas
)

If it is assumed that the gas pressure is negligible, as is the case
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After dividing by the Boltzmann constant to express the pres-
sure in units of K cm−3, a nearly linear relation appears between
the molecular fract
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Wong & Blitz (2002) and citetLeroy08 find a very similar
scaling with pressure (see e.g. Eq. 34 in Leroy et al. 2008):
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Figure 3 shows how the molecular fraction varies with radius
according to the above prescriptions. Probably the most impor-
tant effect is that the observed ratio decreases more quickly. The



More H2 predicted than
seen by CO or dust observations

Predicted pressure-based H2 column

Observations



is the HI       H2 transition due to shielding?

the Sternberg/Krumholz recipe with main variables the radiation field 
and the metallicity also yields more H2 than observed.

2 J. Braine and K. Schuster et al.: Understanding the atomic to molecular gas transition in M33

Fig. 1. H2 to H i mass ratio as a function of galactocentric dis-
tance (black line, left scale) and H i column density as a function
of galactocentric distance (dashed red line, right scale).

Fig. 2. H2 to H i mass ratio as a function of total gas column
density. Each color indicates a different radial bin as indicated.

formulae above are employed using azimuthally averaged data,
rather than H i and H2 surface densities for each pixel.

In Fig. 4, we take the BR04 prescription and apply it to the
H i and H2 surface densities for each pixel and then these values
are averaged in both radial intervals (colors) and intervals in total
column density (x-axis).

2.2. Shielding-based models

Here we use the Sternberg et al. (2014) model which is presented
as a generalisation of the Krumholz et al. (2008, 2009) models.
Metallicities from 0.4 − −1Z⊙ and radiation fields (χ or αG for
the Krumholz and Sternberg models) from 0.4 to 2, which we
judged to completely include the plausible range for M33. The
basic formulae are:

ΣH2
ΣH i + ΣH2

= 1 − (ln(1 + χ/2)/τz)

where τz = σd ×Ngas ×Z/Z⊙ where σd = 1.9× 10−21cm−2/atom.
The dashed line in Figure 5 shows the azimuthally averaged

observed ΣH2/ΣH i ratio as a function of total gas column density.
The triangles show the model results for varying values of χ and
Z. With the exception of the extreme case (Z = 0.4Z⊙, χ = 2), the

Fig. 3. Comparison of pressure-based recipes with observed H2
to H imass ratio (dashed line). The main contribution to the pres-
sure is due to the stellar mass surface density.

Fig. 4. Pressure-based scheme from BR04, using the stellar and
gas surface densities for each radius to estimate how the molec-
ular fraction should vary as a function both of radius and total
gas column density. The triangles with the dashed lines are the
observations. Black and red dashed lines show how the H2 to H i
mass ratio varies assuming N(H2) ∝ N(H I)α for α = 2 (black)
and α = 3 (red).

model predictions are above the observed molecular gas surface
density.

3. Pixel-by-pixel molecular fractions
Our CO and H i data are sufficiently detailed that gas clouds can
be resolved and thus we can go beyond the azimuthally averaged
comparisons in the comparison works. Again using the BR04
formalism, we calculate the molecular fraction expected for each
position and then estimate the H2 column density as a function of
position. Figure 6 shows the H2 column density calculated in this
way assuming stellar and gas velocity dispersions of respectively
30 and 6 km/s and stellar and gaseous scale heights of 300 and
176 parsecs respectively (based on Freeman & Bland-Hawthorn
2002; Dickey & Lockman 1990).

Figure 7 shows the same calculation but with an exponen-
tially flaring gas disk, such that the gas scale height doubles over
the extent of the region shown.



Why care

                                          H2 Formation Summary 

So far, nothing works well in M 33, 
which is a small spiral with a moderate 
radiation field and a metallicity of  
0.5-0.6 solar. 
Although the same "recipes" work well 
in full-size ~solar metallicity spirals.  

Low-velocity shocks may play a role 
in converting HI into H2 but we have 
no large-scale models. 
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Star Formation Efficiency over time (in galaxies)

Lookback time --> lower metallicity  

Distant objects are ... distant ==>  local low Z galaxies ? 
    M33, NGC 6822, LMC, IC10           within Local Group 
    where molecular clouds can easily be identified 
    M33: Z ≈ 0.5-0.6 Z⊙      true spiral morphology 
     LMC: Z ≈ 0.5 Z⊙ 
     IC10: Z ≈ 0.4 Z⊙ 
     N6822: Z ≈ 0.3 Z⊙ 
Compare to molecular clouds in large spirals 

In local Universe, low metallicity implies  
      M(HI) >> M(H2)          and          high gas mass fraction 
            like high-z ?                               definitely like high-z 
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An unexpected result was that the Star Formation Rate per unit H2 
mass (SF Efficiency = SFR/MH2) is high in subsolar metallicity 
systems*.  

The molecular gas consumption time τ is 1/SFE (and SFE=1/τ). 

In large spirals,  
SFE=SFR/MH2 ~ 1/2 x 10^9 years     (Z ≈ Z⊙) 
SFR/MH2 ~ 1/0.6 x 10^9 years           in M33  (Z ≈ 0.5-0.6 Z⊙) 
                                                       NH2/Ico = 2 x Gal factor 
SFR/MH2 ~ 1/0.3 x 10^9 years           in N6822  (Z ≈ 0.3 Z⊙) 
                                                       NH2/Ico = 20 x Gal factor 

Should this result have been unexpected? 

*  Gardan+2007, Gratier+10a,b, Braine+10   
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Is a high SFE (Halpha/MH2, FIR/MH2) really unexpected ?  

1.  low metallicity ==> low dust content ==> HI             H2 
conversion at higher density so free-fall time lower... 

2.  slower cloud dissipation due  
     to weaker stellar winds 
     ==> clouds form stars for 
    longer time ==>  
    more H2             stars    

3.  Stellar Initial Mass Function 
     assumed same in subsolar Z 
     systems.  Is there any reason 
     this should be true ? 

4.  Perhaps the clouds are different 
     in chemically younger clouds. 
     ==> look at cloud properties

CFE=core formation efficiency

N6822
M33

Dib+2011



N6822

M33 
ave

M51

LMC

refs: Colombo+2014 (M51, 40pc), Gratier+2010 (N6822, 37pc),  
Solomon+1987 (line), Hughes+2010 (LMC,11pc) 
M33: Corbelli+2017 and Braine+2018, 48pc

Linewidths appear to decrease with metallicity at constant size

sample of 566 clouds 
in M33 shown as  
small triangles and  
averages as large  
triangles 

M51: Z ≳ Z⊙  
M33: Z ≈ 0.5-0.7 Z⊙  
LMC: Z ≈ 0.5 Z⊙ 
N6822: Z ≈ 0.3 Z⊙

The most basic cloud property:        Linewidth vs. size
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The most basic cloud property:        Linewidth vs. size 

smaller line 
widths for 
equivalent size 
for clouds in 
subsolar 
metallicity 
galaxies. 
==> less 
turbulence ? 
==> Effet on 
SFE or IMF ?

How much of  the line width comes from rotation?



Why care

                        Summary of  Gas/Star Formation laws 

                                      Common SFE of  1/2e9 yrs in disk of   
                                      large spirals in the local universe 
                                This is the "Schmidt-Kennicutt law"

                            Subsolar metallicity objects appear to  
                    have higher SFE (shorter H2 depletion times) 
                    ==> faster conversion of  H2 into stars 
                    or .... top-heavy IMF. 

                    The subsolar metallicity galaxies also appear  
                     to have clouds with less turbulence and a   
                     steeper cloud mass spectrum (Larson's laws 
                    are modified).



Thank you for your attention !



Velocity recentered cube: where V=Vco-VHI

• method : recenter each CO spectra at the same reference 
corresponding to the HI peak velocity at the same position. 
All spectra are thus shifted to zero velocity.

HI peak velocity

0



Interestingly, peak HI velocity much better indicator of CO velocity 
than HI first moment.   



Probability Distribution Function
Schneider et al 2013

Roughly factor 6 difference in 
column density -- reasonable 
for dilution factor.

is fit to negative part of pdf.

Druard et al 2014



Molecular cloud formation and the HI          H2 transition:
    Current propositions produce too much H2, particularly in the 
outer parts.  Probably also true for Large Magellanic Cloud.
    Adopting a radially increasing N(H2)/Ico (probably the case) 
would improve agreement somewhat.

Conclusions

Very tight link in velocity between HI and H2 as well as a good 
            spatial correspondance
Cloud identification software works well; 
          at least 50% of CO flux in fairly small structures (GMCs)

High SFE (short H2 depletion time) in subsolar metallicity galaxies

Probability distribution function of CO intensities shows an excess 
at high columns, presumably due to gravity.  Also true for LMC.





Predicted H2 column from 
pressure+radiation field

H2 column density MUCH
too low.



Dust-based NH2 = (NH - NHI)/2
NH2_350_500_b1p6_msk.eps



Identification of GMCs with CPROPS

v≈-120 km/s
v≈-160 km/s

v≈-210 km/s

Excellent  correspondence with Corbelli et al. Young Stellar Clusters



CO line ratios in M33:
-- CO(1-0) strip from survey
-- CO(1-0) radial average from 
Rosolowsky+07

-- CO(3-2) from JCMT survey

==> no obvious trend with radius!

2kpc 4kpc 6kpc



M33 and sim noise above

PAWS field (left, Hughes+2013)



Critical density
Local Thermal Equilibrium (LTE) is reached when the states 
are populated as per the Boltzmann equation: Ns = gs N/U exp(-E/kT) 
This requires that collisional excitation, which is a result of the 
thermal velocity of the collision partners (H, He), dominate over 
spontaneous or stimulated emission. 
We usually define the critical density as being where collisional 
and spontaneous de-excitation are equal: n = A/C 
A ≈ 64π4/3hc3 ν3 µ2    so the critical density varies as ν3 µ2 . 
For CO, C is of order 10-10 cm3/sec, varying only moderately with ν. 

CO, with a low dipole moment, is excited at densities common in 
molecular clouds.  The high transitions of CO and even low J 
transitions of molecules with high µ are only excited in dense gas. 
Clearly, in the ISM, LTE is not generally a valid assumption.



Rayleigh-Jeans approximation

The R-J approx is valid when hν/kT«1 so  
exp(hν/kT)=1+ hν/kT and 1/[exp(hν/kT)– 1] = kT/ hν  
and the Planck formula becomes  
 Bν(T) = 2 h ν3/c2  * kT/ hν = 2kT ν2/c2  , 
which is used in radioastronomy to express flux as a temperature, as 
is appropriate for thermal radiation. 

In molecular gas the temperatures (10 – 50K) are too low for  
electronic or vibrational transitions to be excited, leaving the  
rotational transitions, which are observed in mm-wave radioastronomy. 
At ν = 100 GHz (3mm) and T = 15K, the R-J approx. is  
only very marginally valid but used anyway.



Optical Depth of CO (or CS, HCN…) 
τ10 = 8π3/3h  Nco/δv [1 - exp(-hν/kT)] µ2 / U

µ is the dipole moment,  
J the rotational quantum number, 
τ the optical depth, 
NJ the column density of molecules in state J 
δv the line width in velocity (not frequency). 
U = partition function 

Note that the optical depth increases with µ and 
of course with N and decreases with line width.



Optically thin lines
The main isotope of CO, 12CO, is optically thick in spiral 
galaxies.  The intrinsic 12/13C ratio is close to 90 in the solar 
neighborhood and decreases to about 40 close to the galactic 
center.  Averaged over large areas, a typical 12/13CO ratio is 
about 8 in the 1à0 transition, confirming that 12CO is optically 
thick.  The 18O abundance is of order 500 times less than O 
and is another check on optical depth.  

Optically thin lines provide a direct estimate of the column  
density of the species observed. 
For the J=2à1 transitions of CO and isotopes,  (cf. Wilson 1990) 
NCO ≈ 5.2 * 1014 ICO cm-2   for warm (T>30K) dense clouds 
and about a factor two more at 20 K and even more at lower 
temperatures and densities.  ICO is expressed in K km/s (line 
intensity * line width).



Why link gas and star formation ?

Let us define the SF Efficiency as  
   SFE = SF rate / molecular gas mass  (= MH2) 
By comparing the star formation efficiencies of various 
regions, we can determine whether star formation can be  
triggered.  SFE = SF rate / mass of dense gas  (= MH2). 
➔ We need to know how to measure MH2 

Dense gas is dynamically cool and is an excellent tracer 
of dynamics.



The local universe....Milky Way + satellite galaxies

images taken from atlasoftheunivers.com

http://atlasoftheunivers.com


The local universe....the Local Group 



Braun

Work by Braun (1992, 1997) on nearby galaxies has shown that 
the fraction of  the HBN (cool phase) decreases sharply at R25,  
whether measured by filling factor or flux. 

* fraction of  flux in High Brightness Network, open circles are 
HBN surface filling factor, filled circles are observed peakTa



Dense gas tracers (HCN)

The dipole moment of HCN is about 3 Debye and the J=1à0 
transition is at 89 GHz, such that the critical density is a few 100 
times higher than CO(1-0).  While less abundant than CO, the high 
µ means that is generally optically thick.  It is the variation in  
HCN/CO ratios within a source or among sources that reveals  
changes in the average density.  In normal galaxy centers, the ratio 
is typically about 1/30 but is much stronger in Ultraluminous galaxies 
(ULIRGs), indicating that their ISM is much denser.  Combined 
with the weak 13CO emission from ULIRGs, this is interpreted as  
showing that virtually all the gas in ULIRGs is dense and is currently 
participating in star formation. 
While little is known about HCN in disks, evidence is that the  
HCN/CO ratio decreases to close to 1/100, confirming that molecular 
clouds are denser in the galactic center than in the disk.



H2 fraction increases with NH 

•  

But decreases with radius at same NH

solid lines are NH2 ~ NHI2 

NH2 ~ NHI horizontal

NH2 ~ NHI3

Gardan et al 2007

At 4kpc 
Σgas ≈ 
 Σstars



CO: Braine et al. 2003, 2004 
Showed bridge due to  
high-speed cloud-cloud 
collisions. 
CO luminosity of   
bridge is about 5  
times that of  the 
entire Milky Way !! 
But only 1 HII region 
==> SFE <~ few 10-11 
U813/6 less extreme but 
similar.

Collisional bridges 
-- Taffy Galaxies 
-- UGC 813/6 
Radio Continuum bridges 
found by Condon et al.



Why care

Ram-Pressure Stripping  

R-P is the "wind" felt by the ISM 
of  a galaxy as it falls rapidly 
through the hot intracluster gas. 
**Stars unaffected, HI deficient** 
NGC 4848 in Coma Cluster 
NGC 4438, 4522 in Virgo cluster

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

Vollmer, Braine et al 2001

CO on B image 
NGC 4848 
in Coma

In NGC 4848, a radio continuum  
(synchrotron) sub-peak is found  
off-center, coincident with CO. 
Model shows r-p stripped gas flows 
back onto galaxy disk (rotation+r-p) 
causing HI --> H2 and RC emission. 



Why care

NGC 4438 in Virgo  

Extraplanar X-ray and radio 
continuum maxima, then HI and 
CO extraplanar maxima found. 
Originally interpreted as uniquely a 
rapid tidal encounter with N4435 
but R-P necessary to explain 
observations. 

Right: CO 
spectra of  
data and 
models with 
and w/o r-p.

Jonathan Braine, Tidal Dwarf  Galaxies Conference
Vollmer, Braine et al 2005

Kotanyi et al 1984

Above: Synchrotron emission at 20cm on  
optical image of  NGC 4438/5 system. 



Why care

NGC 4438 

Left: distribution of  molecular gas 
and radio continuum emission, 
showing displacement of  both. 

SFE low but not extreme in N4438 
extraplanar gas.

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

Below: stars and gas 10 Myr after 
passage near Virgo center.

Vollmer, Braine et al 2005



Why care

NGC 4522 in Virgo 

Like N4438, the HI deficiency is 
high and the R-P stripping on-
going.  But, N4522 is smaller and 
is not tidally interacting.

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

Vollmer, Braine et al 2008

DSS B 
image

HI

The stellar disk is unperturbed 
but the HI is clearly being  
blown away.  



Why care

N4522 observed and model CO and 
HI distributions, showing how the 
molecular gas is clearly affected by 
the ram pressure. 
Extraplanar SFE 3 times lower than 
in disk, as measured by CO and Hα.

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

Vollmer, Braine et al 2008

Model CO on HI

Observed  
CO (solid)  
HI (dotted)

CO and 
6cm

In model, to 
estimate  
molecular 
fraction, used:





Why care

                 Summary of  Star Formation Efficiencies 

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

HIGH: in galactic nuclei (not discussed here),  
small galaxies (beyond any doubt in NH2/Ico) 

MEDIUM: (normal) spiral disks 
   Tidal Dwarf  Galaxies -- IF the cycle HI-->H2 --> stars 
        has reached a stationary state. 

LOW: Collisional Bridges 
Ram Pressure stripped gas usually has low SFE 

CAVEATS:  *   TDGs are an extremely heterogeneous group in  
                             both history and composition (HI, H2, stars) 
                      *  In outer disks, SFE unknown due to small amount 
                        of  CO and FIR (dust emission) data available for H2. 
                      *   IMF always assumed constant (would also be very  
                              interesting if  change in IMF required)



Why care

           Cycling of  the Interstellar Medium

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

          While molecular clouds are too dense to be directly affected 
by ram pressure ISM, the distribution of  molecular gas is very 
strongly influenced by the R-P. 
SHORT MOLECULAR CLOUD LIFETIMES -- THEY REFORM 
FROM THE DISPLACED HI. 

The outer disk observations show that 
-- brightness temperatures of  clouds are high enough to be detected 
-- nearby star formation NOT necessary for CO detection but is 
usually the case due to short cloud lifetimes. 
-- lines very narrow 
-- H2 mass fraction low  



Why care

                                   Tentative Interpretation

Jonathan Braine, Tidal Dwarf  Galaxies Conference, Bad Honnef, May 25-29, 2009 

      EASY: IF star formation is driven the same way in TDGs and in 
spirals, then morphology has little effect on star formation (Toomre 
criterion invokes epicyclic frequency, specific like shear to spirals). 

moderately EASY: ISM-ISM collisions at these speeds quench SF. 
Distinguishing feature: unusually strong Synchrotron emission in the 
gas-rich but star-poor regions. 

Question: Could the large-scale magnetic field play a role in 
stabilizing GMCs, preventing the formation of  pre-stellar cores 
which would subsequently collapse rapidly (consensus is that once 
the gas becomes very dense the mag field cannot slow collapse) ? 

Further exploration of  environments, in particular nearby galaxies 
with low-metallicity, is necessary to understand the high SFE of  the 
small (or high-z) galaxies.



N4414 Nature

IRAM-30m telescope in 2003 and 2004 

= First detection of molecular gas in 
an isolated spiral far beyond the 
optical edge.

An R band image of NGC4414 taken 
with the CFHT is shown with HI 
contours at column densities of 4, 6, 8, 
12 x1020 atoms cm-2, the 6 x1020 atoms 
cm-2 contour being dashed.  

The surrounding boxes show the CO 
(1-0) (full line) and HI (dotted line) 
spectra indicated by circles.  

The CO(2-1) line was not clearly 
detected but the conditions were very 
good. 

HI and CO line widths seem related

CO Observations of NGC 4414



Hollenbach & McKee 1989 

Column density to turn  
50% of HI into H2 is 
N ≈ 4 x 1021 cm-2 

==> only the clouds with  
a high column density 
can form H2. 

èEasier for mol. clouds 
because of their high col 
density (even after 
ionization)

dense 
  slow

few 
hours few 

years



The Partition Function
The fraction of the total number of molecules (N) in the J state is 
NJ/N = (2J+1)/U * exp[-hBJ(J+1)/kT] 
where U is the partition function 
U = Σ(2J+1) exp[-hBJ(J+1)/kT] ≈ kT/hB 
and B the rotational constant (inversely prop to mom. of inertia) 
such that E = hBJ(J+1).  Thus, B is simply half the frequency 
of the lowest (J=1à0) transition. 

As T increases, more molecules are in high-J states and are 
spread over a greater number of states.   

This formula is valid only in LTE, which is typically not  
the case for the higher J states as we shall see.



N2903 N1672



inclination 22°

Schinnerer+2013



M33 optical + CO


