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The problem of H2

• H2 is by far the most common 
component of the cold part of 
the ISM where stars form


• However, it is very difficult to 
observe directly


• Lowest lying state that can emit 
is ~500 K above ground, while 
typical gas temperature is ~10 K


• Problem: fraction in state 
capable of emitting is ~e−500/10 ~ 
10−22, so no emitting molecules!

1
Observing the Cold Interstellar Medium

Suggested background reading:

• Kennicutt, R. C., & Evans, N. J. 2012,
ARA&A, 50, 531, sections 1 � 2

This first chapter focuses on observations of interstellar gas. Because
the interstellar clouds that form stars are generally cold, most (but
not all) of these techniques require in infrared, sub-millimeter, and
radio observations. Interpretation of the results is often highly non-
trivial. This will naturally lead us to review some of the important
radiative transfer physics that we need to keep in mind to under-
stand the observations. With this background complete, we will then
discuss the phenomenology of interstellar gas derived from these
observations.

1.1 Observing Techniques

1.1.1 The Problem of H2

Figure 1.1: Level diagram for the
rotational levels of para- and ortho-H2,
showing the energy of each level. Level
data are taken from http://www.gemini.
edu/sciops/instruments/nir/wavecal/
h2lines.dat.

Before we dive into all the tricks we use to observe the dense inter-
stellar medium (ISM), we have to start at the question of why it is
necessary to be so clever. Hydrogen is the most abundant element,
and when it is in the form of free atomic hydrogen, it is relatively
easy to observe. Hydrogen atoms emit radio waves at a wavelength
of 21 cm (1.4 GHz), associated with a hyperfine transition from a
state in which the spin of the electron is parallel to that of the proton
to a state where it is anti-parallel. The energy difference between
these two states corresponds to a temperature ⌧ 1 K, so even in cold
regions it can be excited. This line is seen in the Milky Way and in
many nearby galaxies.

However, at the high densities where stars form, hydrogen tends
to be molecular rather than atomic, and H2 is extremely hard to ob-
serve directly. To understand why, we can look at an energy level
diagram for rotational levels of H2 (Figure 1.1). A diatomic molecule
like H2 has three types of excitation: electronic (corresponding to ex-
citations of one or more of the electrons), vibrational (corresponding
to vibrational motion of the two nuclei), and rotational (correspond-



Proxies for H2

• Dust thermal emission


• Dust absorption


• Molecular line emission


• Theory of molecular lines: the two-level atom


• Density inference


• Velocity inference



Dust thermal emission
• Interstellar gas is mixed with solid dust 

grains; grains emit thermally in IR


• For a dust-gas mixture with specific 
opacity 𝜅𝜈, the emissivity is j𝜈 = 𝜅𝜈 𝜌 
B𝜈(T), where T is temperature and B𝜈(T) 
is the Planck function


• Dust is transparent at low frequency, so 
observed intensity I𝜈 = ∫ j𝜈 ds = 𝜅𝜈 𝛴 B𝜈, 
where 𝛴 = column density


• Estimate T and 𝜅𝜈, measure I𝜈 ⇒ know 𝛴 

Gas cloud

Dust grains mixed with gas

Telescope line of sight

{ds



V. Könyves et al.: Herschel Gould Belt survey for prestellar cores in Aquila

Fig. 1. a) H2 column density map of the Aquila region at 18.200 angular resolution, as derived from HGBS data using the method described in
Sect. 4.1. b) Same map as in the left panel with the positions of the 446 candidate prestellar cores and 58 protostellar cores identified in the Herschel
images with getsources (see Sect. 4.4 and Sect. 4.5) shown as black and magenta triangles, respectively. Yellow triangles locate additional prestellar
and protostellar cores which were excluded from the analysis and discussion of this paper, due to likely contamination by more distant objects
belonging to background CO clouds at significantly higher LSR velocities than the bulk of the Aquila complex (cf. Sect. 4.3). The orientation of
the galactic coordinate axes is indicated at the lower right of each panel. The lower left edge of the map is oriented almost parallel to the galactic
longitude axis at Gb ⇠ 2� above the Galactic plane.

Fig. 2. Dust temperature map of the Aquila region at 36.300resolution, as derived from HGBS data (see Sect. 4.1). The white contour outlines the
W40 HII region which has Td > 17 K.

to the four observed data points from 160 µm to 500 µm on a
pixel-by-pixel basis, where I⌫ is the surface brightness at fre-
quency ⌫ and B⌫(Td) is the Planck blackbody function. Each SED
data point was weighted by 1/�2

cal, where �cal corresponds to the
absolute calibration error (20% of the intensity at 160 µm and
10% for the SPIRE bands). We adopted a power law approxima-
tion to the dust opacity law per unit mass (of dust+gas) at sub-

millimeter wavelengths, namely � = 0.1 ⇥ (�/300µm)�� cm2/g,
and fixed the dust emissivity index � to 2 (cf. Hildebrand 1983).
Based on a detailed comparison of the Herschel results with the
near-infrared extinction study of Alves et al. (2001) for the star-
less core B68, Roy et al. (2014) concluded that these dust opacity
assumptions are likely appropriate to better than 50% accuracy
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Dust absorption
• Grains absorb as well as emit light


• Observe background stars through 
cloud; observed luminosity is related to 
true luminosity by Lobs,𝜈 = exp(−𝜏𝜈) Ltrue,𝜈, 
where 𝜏𝜈 = ∫𝜅𝜈𝜌 ds = 𝜅𝜈𝛴


• Measure in two filters: unextincted star 
has known luminosity ratio in two filters, 
but measured ratio differs because 𝜏𝜈 is 
different at different frequencies


• Deviation from expected colour fixes 
difference in 𝜏𝜈; for known 𝜅𝜈, this fixes 𝛴 

Gas cloud

Dust grains mixed with gas

Telescope line of sight

{ds

Background star



782 M. Lombardi et al.: 2MASS wide field extinction maps

distributions of low column density molecular cloud material.
When applied to 2MASS data, N dust extinction maps trace
not only the low column density regions (AV ! 0.5 mag) but
have the dynamic range to identify dense molecular cores by
reaching cloud depths of ∼30 mag of extinction, corresponding
to 8 × 1022 protons cm−2 (Lombardi 2005).

In this paper we present an extinction map of the Pipe neb-
ula covering 48 sq deg, computed by applying the N tech-
nique on 4.5 millions JHK photometric measurements of stars
from the 2MASS database. The Pipe nebula is a poorly stud-
ied nearby complex of molecular clouds. The only systematic
analysis of this region is the one of Onishi et al. (1999) who
present a ∼27 sq deg map in the J = 1−0 line of 12CO ob-
served on a 4 arcmin grid, and smaller maps of selected re-
gions in the J = 1−0 lines of 13CO and C18O. They esti-
mate the total 12CO mass to be ∼104 M% (for a cloud distance
of 160 pc) and point out that star formation is only occurring
on Barnard 59, where the C18O column density is the highest
and where they find a CO outflow. Barnard 59 was also observed
at 1300 µm by Reipurth et al. (1996) and a protostellar candidate
B59-MMS1 was found. Two pre-main sequence stars associated
with Barnard 59 appear in the young binaries survey of Reipurth
& Zinnecker (1993) and more recently in Koresko (2002).

This paper is organized as follows. In Sect. 2 we describe the
technique used to map the dust in the Pipe nebula and we present
the main results obtained. In Sect. 3 we address the determi-
nation of the cloud distance using Hipparcos data. A statistical
analysis and a discussion of the bias introduced by foreground
stars is presented in Sect. 4. We compare the CO observations
from Onishi et al. (1999) with our outcome in Sect. 5. Section 6
is devoted to the mass estimate of the cloud complex. Finally, we
summarize the conclusions of this paper in Sect. 7.

In the following we will normally express column densities
in terms of the 2MASS Ks band extinction AK . When convert-
ing this quantity into the widely used visual extinction AV, we
will use the Rieke & Lebofsky (1985) reddening law converted
into the 2MASS photometric system (see Carpenter 2001),
AK/AV = 0.112.

2. Nicer extinction map
The data analysis was carried out using the N method de-
scribed in Paper I (to which we refer for more detailed informa-
tion). Infrared J (1.25 µm), H (1.65 µm), and K s band (2.17 µm)
magnitudes of stars in the Pipe region were obtained from the
Two Micron All Sky Survey1 (2MASS, Kleinmann et al. 1994).
We selected a large region around the Pipe nebula, characterized
by galactic coordinates

−4◦ < l < +4◦, +2◦ < b < +8◦. (1)

As shown by these coordinate ranges, the Pipe nebula occupies
an exceptionally good location for infrared studies. Indeed, this
cloud complex is just above the galactic plane and is in front of
the galactic bulge (see Fig. 1). The cloud, we anticipate, is ap-
proximately at 130 pc (see Sect. 3), and thus almost all the stars
observed in direction of the cloud are background objects. As a
result, we could carry out the study of the infrared extinction of
the cloud with negligible contamination by foreground objects
(except in the most dense regions).

The high density of stars in the Pipe region has also some
drawbacks. Indeed, because of confusion, the nominal 2MASS
1 See http://www.ipac.caltech.edu/2mass/

Fig. 1. Color optical image of the region around the Pipe nebula.
The bright “star” on the top-right is Jupiter; below it are well vis-
ible the ρ-Ophiuci dark cloud and the Lupus complex. The white
box encloses the field studied in this paper. The Pipe nebula ob-
scures part of the Galactic bulge, and thus occupies an excep-
tional location for infrared studies (image courtesy Jerry Lodriguss,
http://www.astropix.com/).

photometric completeness limits drop close to the galactic cen-
ter. In the case of N (in contrast with the star-counting
method), this does not affect the measurements of column den-
sities because no assumptions are made about the local star
density. High density regions also pose severe challenges for
data reduction. For example, the pipeline used for the Second
Incremental Release of 2MASS produced slightly inaccurate
zero-points. This problem showed on the N maps of the
Pipe nebula as abrupt artificial changes in the measured col-
umn density at the boundaries of the 2MASS observation tiles.
Fortunately, the pipeline has been greatly improved and this
problem does not appear in the final 2MASS All Sky Release.

After selecting point sources from the 2MASS catalog inside
the boundaries (1), we generated a preliminary extinction map.
As described in Paper I, this mapwas mainly used as a first check
of the data, to select a control region on the field, and to obtain
there the photometric parameters to be used in the final map (see
Fig. 7). We note that the search of a control field close to the
Pipe nebula has been non-trivial, because of the complex cloud
structure and high column densities observed at low galactic lat-
itudes. We identified in the Eastern part of our field (top-right in
Fig. 7) a small region that is apparently affected by only a neg-
ligible extinction (see below); note that the newly determined
Indebetouw et al. (2005) 2MASS reddening law was used at this
stage.

Using the information provided by the control field, we gen-
erated a second map, which is thus “calibrated” (i.e., provides
already, for each position in our field, a reliable estimate of the
column density). We then considered the color−color diagram
for the stars in the catalog. The result, shown in Fig. 2, shows
a surprising bifurcation for H − K > 1 mag, which in principle
might represents a problem in color-excess studies.

In order to further investigate the origin of this bifurcation,
we considered the region H − K > 1 mag in the color−color
diagram, and divided it into two subsamples A (upper branch)
and B (lower branch) according to the expressions

A ≡ {1.4(H − K) + 0.5 mag < (J − H)}, (2)
B ≡ {1.4(H − K) + 0.5 mag > (J − H)}. (3)
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Fig. 7. The N extinction map of the Pipe nebula. The resolution is FWHM = 1 arcmin; the contours are at AK = {0.5, 1, 1.5} mag.

recognized to be due to the larger noise expected close to bright
stars (these “features”, hence, are just increased statistical devi-
ations due to the increased local error). This clearly shows that a
detailed analysis of the extinction map of Fig. 7 is better carried
out using also the density map of Fig. 8 and the error map of
Fig. 9. Figure 9 shows also an increase in noise in the densest
regions of the cloud, due to the reduced density of background
stars. Finally, we note the increase of the error with the galactic
latitude, also due to a change in the density of background stars.

The accuracy of the column density measurements obtained
in our field is shown by Fig. 10, which plots the expected er-
ror on AK as a function of AK for all pixels in our field. The
exquisite data used allowed us to keep the average error well
below 0.02 mag in AK , and still to have a 1 arcmin resolution in
our maps. The dynamical range of the N extinction map can
be better appreciated by noting that the lowest contour in Fig. 7
represents a ∼10σ detection, and that clumps such as Barnard 59
have a significance as large as ∼200σ. Note that the increase on
the error observed for AK < 0.2 mag in Fig. 10 is due to the
fact that regions with low extinction (including the control field)
are located at high galactic latitudes, and hence have a smaller
density of background stars.

3. Distance
An accurate determination of the distance of molecular clouds is
of vital importance to obtain a reliable estimate of the mass and
of other physical properties. Unfortunately, distance measure-
ments of molecular clouds are frequently plagued by very large
uncertainties. A simple method used often is based on the asso-
ciation between the cloud and other astronomical objects whose

distance is well known. Onishi et al. (1999) associate the Pipe
nebula with the Ophiuchus complex on the base of projected
proximity and radial velocity and use the distance of the latter,
(160 ± 20) pc, as the distance to the Pipe (Chini 1981).

An alternative approach is based on the number counts
of foreground stars. The method, used for example in Alves
et al. (1998), exploits the large reddening produced by some
clouds, which makes the identification of foreground stars rela-
tively easy; then, galactic models (e.g. Bahcall & Soneira 1980;
Wainscoat et al. 1992) are used to infer the expected number of
stars (for each possible cloud distance) inside the cone created
by the cloud. Finally, the number of foreground stars observed
is compared to the prediction and the distance of the cloud is in-
ferred. Although this method is often the best one can use, it is
unable to give accurate distances for several reasons: (i) it relies
on galactic models, which might be inaccurate (especially at the
small angular scales often used for molecular clouds); (ii) it is
plagued by Poisson noise (because the number of stars inside the
volume of the cone is a random variable) and (iii) stars do clus-
ter (and thus the error is actually larger than the one expected
from a Poisson statistics; imagine, in the extreme, the case of an
unknown open cluster in front of the cloud).

A more robust determination of the distance of the Pipe
molecular complex can be obtained using the Hipparcos and
Tycho catalogs (Perryman et al. 1997). The method, similarly
to the star number counts described in the previous section, is
based on the identification of foreground and background stars
(observed on the line of sight of the cloud) for which a parallax
estimate is available. An upper limit for the distance of the cloud
is thus given by the distance of the closest background star, i.e.
the closest star showing a significant extinction in its colors. This

Optical image and 
absorption map

Lombardi+ 2006



Dust absorption vs. dust thermal emission
Advantages and disadvantages

Advantages of absorption:


• Doesn’t depend on uncertain dust 
temperature


• Can be done in optical / near-IR 
from the ground (thermal emission 
is space-only)


• Opacities much better known / 
measured in optical than IR

Disadvantages of absorption:


• Need to find a clean sample of 
background stars; hard or 
impossible for clouds in crowded 
regions close to Galactic plane


• Can’t probe columns that are too 
high, or can’t see background stars


• Maps irregularly-sampled — 
interpolation challenges



Molecular line emission
Basics

• Most common proxy for H2 is CO: next-most abundant molecule, has levels 
at much lower energy than H2 (lowest level 5.5 K above ground) and so can 
emit at low temperature


• CO tends to co-exist with H2, for reasons we will discuss in a few classes


• Other molecules also useful for probing different ranges of density, 
temperature, other physical conditions; examples: HCN, CS, NH3, N2H+, etc.


• Can also observe isotopologues, e.g., 13CO, C18O, N2D+, etc.



Molecular line emission
Advantages and disadvantages

Advantages of molecular lines:


• Much higher spectral brightness 
than dust; only molecules allow 
large extragalactic studies


• Observed in radio from the ground


• Lines carry lots of information 
about kinematics, physical 
conditions in emitting gas

Disadvantages of molecular lines:


• Interpretation complex: requires 
careful modelling of excitation and 
radiative transfer effects


• Sensitive to poorly understood 
chemical processes (e.g., freeze-
out of CO molecules into ice on 
dust grain surfaces at low 
temperature)



Anatomy of linear molecules
Examples: CO, HCN, CS

• Three types of excitation, from highest to lowest energy: 
electronic, vibrational, rotational


• In the cold ISM, usually only rotational levels are excited; we 
see photons emitted due to transition from rotational quantum 
number J → J − 1


• Energies of levels spaced as EJ = const × J (J + 1) 

• Questions for class:

• Why are rotational levels of CO so much more closely 

spaced than those of H2? 

• Why is the energy ordering electronic, vibrational, rotational?

CO rotational levels
J = 0

J = 1

J = 2

J = 3

0 K

5.5 K

16.6 K

33.2 K

115.3 GHz

230.5 GHz

345.8 GHz



The two-level atom
Problem set up 

• Consider an atom or molecule with exactly two quantum states, separated by 
energy E; we will refer to these as state 0 and state 1


• We will call this hypothetical species X; the number density of this species is 
nX = n0 + n1, where n0 = number density in state 0, n1 in state 1


• These atoms are mixed with some other species n, which can collide with X 
particles and cause transitions between states 0 and 1


• The temperature of the system is T 

• In thermodynamic equilibrium, we must have n1 / n0 = e−E / kT, so n0 = nX / Z and 
n1 = nX e−E / kT / Z, where Z = 1 + e−E / kT is the partition function



The two-level atom
Radiative and collisional transitions

• In the absence of a background radiation field from which the atoms can 
absorb, transitions happen by spontaneous emission and collisions


• Spontaneous emission rate: (dn1 / dt)se = −A10 n1; A10 is called the Einstein 
coefficient, and it has units of 1 / time; it is the probability per unit time of a 
emitting a photon, and the inverse of the lifetime of the excited state


• Collisions cause transitions at rate proportional to number densities of targets 
and colliders: (dn1 / dt)c = −k10 n1 n + k01 n0 n; first term is 1→0 transitions, 
second is 0→1; k01, k10 are collision rate coefficients, units of volume / time


• All together: dn1 / dt = −A10 n1 − n (k10 n1 + k01 n0)



The two-level atom
Relationship between collision rate coefficients

• Collisional transition rates scale as n, radiative rate does not, so at high n 
collisions must completely dominate: dn1 / dt ≈ −n (k10 n1 + k01 n0)


• Thus in equilibrium we must have k10 n1 + k01 n0 = 0


• However, we also know that in equilibrium n1 / n0 = e−E / kT, so k10 and k01 
cannot be independent; instead, they must be related by k10 = k01 e−E / kT


• Although we derived this result by considering the high n limit, recall that k10 
and k01 are set by quantum mechanics, and do not depend on n. Thus our 
conclusion about their relationship must hold at all densities!


• Conclusion also holds between any pair of levels, not just for a two-level atom!



The two-level atom
The critical density

• Now return to the general problem: dn1 / dt = −A10 n1 − n (k10 n1 − k01 n0); 
substituting in for k10 gives dn1 / dt = −A10 n1 − n k10 (n1 − eE / kT n0)


• Solve for the statistical equilibrium value of n1 / n0 by setting dn1 / dt = 0


• Doing so gives n1 / n0 = e−E / kT / (1 + A10 / k10 n) ≡ e−E / kT / (1 + ncrit / n), where 
ncrit ≡ A10 / k10


• Interpretation: when n ≫ ncrit, collisions are frequent and statistical equilibrium 
is the same as thermodynamic equilibrium; when n ≪ ncrit, every collision is 
followed by a radiative decay long before the next collision, so there are fewer 
excited atoms than in equilibrium — system is sub-thermally excited



The two-level atom
Radiative luminosity

• Luminosity per unit volume due to radiative decays is ℒ = E A10 n1; luminosity 
per atom of species X is ℒ / nX = E A10 (n1 / nX)


• Using our statistical equilibrium solution for n1 / n0, with a little algebra this 
becomes ℒ / nX = E A10 e−E / kT / (Z + ncrit / n)


• Interpretation:

• When n ≫ ncrit, fraction of atoms in state 1 = e−E / kT / Z, so luminosity per 

atom = (fraction in upper state) x (transition rate) x (energy per transition)

• When n ≪ ncrit, luminosity per atom = E A10 e−E / kT (n / ncrit) = E k01 n, so 

luminosity = (collision rate) x (energy per transition) — every collision just 
yields one photon emitted



The two-level atom
Implications of the radiative luminosity

• Power emitted per atom varies as n for n ≪ ncrit, becomes flat at larger density


• Thus gas with n ≪ ncrit tends to be dim in a given line, while gas all denser gas 
is equally bright per unit mass


• Since the gas mass tends to decline with density, this usually means emission 
in a given region is dominated by gas with n close to ncrit, so ratios of 
molecules with different critical densities, e.g., HCN J = 1 → 0 / CO J = 1 → 
0, can be used as a rough proxy for density



The two-level atom
Velocity inference

• In the frame of an emitting atom, photons have a 
very narrow frequency distribution whose width is 
set by the uncertainty principle


• However, the frequency distribution we see is much 
broader due to thermal and bulk motion, which 
Doppler shift the emission: 𝜈obs = 𝜈emit (1 − v/c)


• Distribution in frequency therefore maps directly to 
distribution in velocity: the line shape tells us the 
cloud velocity along the line of sight
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molecule in units of hydrogen masses. This is just the 1D Maxwellian
distribution.

Non-thermal motions involve bulk flows of the gas, and can
produce a variety of velocity distributions depending how the cloud
is moving. Unfortunately even complicated motions often produce
distributions that look something like Maxwellian distributions,
just because of the central limit theorem: if you throw together a
lot of random junk, the result is usually a Gaussian / Maxwellian
distribution. Figure 1.5 shows an example of velocity distributions
measured in two nearby star-forming clouds.

Figure 1.5: Position-integrated velocity
distributions of 12CO (thin lines) and
13CO (thick lines) for the Ophiuchus
and Perseus clouds, measured the
COMPLETE survey. The y axis shows
the beam temperature. Credit: Ridge
et al. (2006), © AAS. Reproduced with
permission.

Determining whether a given line profile reflects predominantly
thermal or non-thermal motion requires that we have a way of esti-
mating the temperature independently. This can often be done by
observing multiple lines of the same species. Our expression

L
nX

= EA10
e�E/kBT

Z + ncrit/n
(1.23)

shows that the luminosity of a particular optically thin line is a
function of the temperature T, the density n, and the number density
of emitting molecules nX. If we observe three transitions of the same
molecule, then we have three equations in three unknowns and we
can solve for n, nX, and T independently. Certain molecules, because
of their level structures, make this technique particularly clean. The
most famous example of this is ammonia, NH3.

Complications Before moving on it is worth mentioning some compli-
cations that make it harder to interpret molecular line data. The first
is optical depth: for many of the strongest lines and most abundant
species, the line becomes optically thick. As a result observations in
the line show only the surface a given cloud; emission from the back
side of the cloud is absorbed by the front side. One can still obtain
useful information from optically thick lines, but it requires a bit
more thought. We will return to the topic of what we can learn from
optically thick lines in Chapter 8.

The second complication is chemistry and abundances. The for-
mation and destruction of molecules in the ISM is a complicated
problem, and in general the abundance of any given species depends
on the density, temperature, and radiation environment of the the
gas. At the edges of clouds, certain molecules may not be present
because they are dissociated by the interstellar UV field. At high
densities and low temperatures, many species freeze out onto the
surfaces of dust grains. This is true for example of CO. One often
sees that peaks in density found in dust emission maps correspond
to local minima of CO emission. This is because in the densest parts

Observed velocity distributions in CO (light) and 
13CO (dark) J = 1 → 0 emission in two nearby 
clouds (Ridge+ 2006)



The two-level atom
Cautions and complications

• Our treatment is extremely simplified, and leaves out many complexities that 
need to be dealt with in a realistic model:

• We have implicitly assumed that all emitted photons escape, which is NOT 

a good assumption, particularly for abundant molecules like CO — in fact, 
most of the photons emitted in a CO J = 1 → 0 transition will be absorbed 
by other CO molecules rather than escaping


• We have ignored variations in the abundance, which can have significant 
effects on the observed emission. For example, CO brightness often 
declines in the very centres of cold clouds, not because the density has a 
local minimum, but because in very cold regions the CO freezes out of the 
gas phase into an ice.



Observed phenomenology
Molecular gas in nearby galaxies

• In the Milky Way and similar spiral galaxies, molecular gas is mostly collected 
into giant clouds with masses ~104 - 106 M⨀, densities n ~ 100 - 1000 H cm−3: 
giant molecular clouds (GMCs)


• Clouds lie close to galactic plane, preferentially but not exclusively in spiral 
arms, and more concentrated toward the galactic centre than the atomic gas


• By mass GMCs are tens of percent of the total ISM, but occupy a very small 
volume due to their high densities (mean ISM density n ~ 1 H cm−3)


• Conditions can be very different in non-Milky Way-like galaxies: dwarf galaxies 
have few, small GMCs, massive starbursts have a continuous molecular ISM, 
with no obvious discrete clouds at all
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Figure 1.6: Map of H i in M33
(grayscale), with giant molecular clouds
detected in CO(1 ! 0) overlayed (circles,
sized by GMC mass). Credit: Imara
et al. (2011), © AAS. Reproduced with
permission.

Figure 1.7: Map of CO(1 ! 0) emission
in M51, as measured by the PdBI
Arcsecond Whirlpool Survey (PAWS)
project. Credit: Schinnerer et al. (2013),
© AAS. Reproduced with permission.

M51 — a massive, molecule-rich galaxy (Schinnerer+ 2018)
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(7a) NGC 4303 at 120 pc resolution (7b) NGC 4303 at 120 pc resolution

(8a) NGC 4321 at 120 pc resolution (8b) NGC 4321 at 120 pc resolution

(9a) NGC 4535 at 120 pc resolution (9b) NGC 4535 at 120 pc resolution

Figure A1. (Continued)

NGC 4535 — 
a medium 
mass and 
size galaxy 
(Sun+ 2018)
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APPENDIX

A. SURFACE DENSITY AND VELOCITY DISPERSION MAPS AT 120 PC RESOLUTION

(1a) NGC 628 at 120 pc resolution (1b) NGC 628 at 120 pc resolution

(2a) NGC 1672 at 120 pc resolution (2b) NGC 1672 at 120 pc resolution

(3a) NGC 2835 at 120 pc resolution (3b) NGC 2835 at 120 pc resolution

Figure A1. Molecular gas surface density (left column) and velocity dispersion (right column) for all 15 galaxies at 120 pc resolution. The
beam size appears as a white dot in the lower left corner of each panel. White elliptical contours mark the 1-kpc boundary between “disk
regions” and “central regions” (see Section 5.1.1). Note that the gray regions lie outside the footprint of each CO survey, while the black
regions show the sightlines that have no confident CO detection.

NGC 2835 — 
a small 
galaxy with 
few GMCs 
(Sun+ 2018)



GMC Internal Structures
• GMCs are not monolithic, smooth objects


• Instead, they have incredibly complex internal density and velocity structures, 
which we will see later are associated with “turbulence”


• The structures seem to be highly-filamentary — rather than clouds, a better 
description might be networks of interlaced filaments, intersecting at hubs
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Figure 1.8: Map of the Perseus cloud in
13CO(2 ! 1). The top panel shows the
emission integrated over all velocities,
while the bottom panel shows maps
integrated over different velocity
channels. In each sub-panel in the
bottom, the numbers at the top indicate
the velocity range (in km s�1) of the
emission shown. Credit: Sun et al.,
A&A, 451, 539, 2006, reproduced with
permission ©ESO.
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Figure 1.8: Map of the Perseus cloud in
13CO(2 ! 1). The top panel shows the
emission integrated over all velocities,
while the bottom panel shows maps
integrated over different velocity
channels. In each sub-panel in the
bottom, the numbers at the top indicate
the velocity range (in km s�1) of the
emission shown. Credit: Sun et al.,
A&A, 451, 539, 2006, reproduced with
permission ©ESO.

The Perseus cloud — left is 13CO integrated over all velocities, 
right is integrated over particular velocity channels (Sun+ 2006) 


