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formation of gravitationally-

bound gas clouds



Stars form in giant molecular clouds
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Figure 1. WMAP free–free foreground emission map with the target sources indicated with black ellipses. The Galactic center region, which has been excluded from
this work, is indicated in red. The map is described in Paper I.
(A color version of this figure is available in the online journal.)

Table 1
WMAP Source List

Name l b smaj smin P.A. Sff Luminosity Notes
(deg) (deg) (deg) (deg) (deg) (Jy) Rank

G10 10.4 −0.3 0.61 0.44 −21.2 86 12 W31
G24 24.5 0 1.96 0.83 −7.2 1377 10, 11 W41, W42
G30 30.5 0 2.27 0.95 2.7 1585 3, 8 W43
G34 34.7 −0.2 0.92 0.57 6.1 285 6 . . .

G37 37.6 0 0.8 0.71 −59.9 244 13 W47
G49 49.3 −0.3 0.99 0.55 −13.5 458 9 W51
G283 283.9 −0.6 1.37 0.78 −32.1 848 15 NGC 3199, RCW49, Partial GLIMPSE Coverage
G291 291.2 −0.7 1.04 0.75 −31.1 688 14 NGC 3603, NGC 3576, No GLIMPSE Coverage
G298 298.4 −0.4 0.91 0.73 −37.3 313 5 . . .

G311 311.6 0.1 1.72 0.93 6.5 766 16 . . .

G327 327.5 −0.2 1.55 0.83 −10.7 943 17 . . .

G332 332.9 −0.3 1.56 0.93 −3.3 1787 7 . . .

G337 337.3 −0.1 2.58 1.2 −8.9 2239 2, 4 . . .

. . . 359.9 −0.1 1.2 0.51 −3 1105 1 Galactic center region, excluded from analysis

Notes. The luminosity rank indicates the ranking of the source with respect to the ionizing luminosity produced, with multiple ranks
indicating sources that were divided in Paper I. The free–free flux is measured in the W band at 90 GHz from the WMAP free–free
foreground emission map (Bennett et al. 2003b).

stars in the Galactic disk, quantify the relationship between the
8 µm and free–free emission, discuss the expansion of the SFCs
as a turbulent driving mechanism of the Galaxy’s molecular
gas, and comment on the three-dimensional geometry of ob-
served bubble structures. Finally, we summarize our results in
Section 6.

2. DATA ANALYSIS

In Paper I, we divided the total flux of the WMAP regions
along a given line of sight based on various distance determi-
nations (radio recombination lines, molecular absorption lines,
and stellar distances). Using this division, one-third of the Galac-
tic free–free emission arises from 14 discrete WMAP sources.
These sources contain more than one-third of the O star popu-
lation of the Galaxy.

Here, we investigate in more detail, using additional radial
velocities, the 13 most luminous free–free sources in the Galaxy
from Paper I (we exclude the Galactic center region since it is
so well studied already).

A number of well-known massive star-forming regions are not
included in our sample, including the Carina region, NGC 6357,
and Cygnus OB2. These regions, identified in Paper I, have
lower ionizing luminosities than the regions we investigate in
this study. The WMAP sources are highly confused, so not
every complex identified in this paper will be home to a super
star cluster, but we expect that each of the WMAP sources we

consider will contain at least one complex that may be home
to a super star cluster with a mass greater than those found in
Carina, NGC 6357, and Cygnus OB2.

Each of the WMAP sources are fit by ellipses, with major
axes between ∼2◦ and 5◦; sizes, positions, and fluxes are given
in Table 1. These sources are confused (contain multiple SFCs)
as a result of the large beam size of the WMAP satellite. The
WMAP free–free map is presented in Figure 1, indicating the
location of each of the 13 sources.

We use published radial velocity measurements together with
GLIMPSE 8 µm images to better resolve and classify these
SFCs. This improves on our use of the catalog of Russeil (2003)
in Paper I. In other words, we classify SFCs on the basis of
kinematic distances (as determined through radial velocities
toward known H ii regions) and morphology seen in the 8 µm
bands.

We carried out a SIMBAD search for H ii regions within each
of the WMAP sources and compiled the associated hydrogen
recombination line velocities.

Our morphological analysis was primarily conducted using
the 3.◦1×2.◦4 Band 4 mosaic images from GLIMPSE (Benjamin
et al. 2003). In many cases, these mosaics were insufficiently
large to encompass the entire WMAP sources from Paper I. In
these cases, adjacent images were mosaicked together using the
Montage package. In cases where the sources were outside the
GLIMPSE coverage, we substituted Band A mosaics from MSX
(Price et al. 2001).

~Ionizing radiation in Milky Way (Rahman & Murray 10)

• In Milky Way, 1/3 of current star formation occurs in 33 GMCs

• Gravitational instability forms GMCs and sets their mass 
MT ~ λT2 Σg ~ h2 Σg



Milky Way GMC mass function                           
(fiducial model based on Williams & McKee 97 data)

The mass spectrum of GMCs

Murray 11

‣ Most massive GMCs 
have mass MT ~107 Msun 

‣ Many more, lower-mass 
clouds form from 
density fluctuations in 
the turbulent ISM

dashed=GMC mass above 
which 31% of the total 
Galactic SFR occurs



Most star formation 
occurs in the most 
massive GMCs

‣ Not in the numerous 

lower mass clouds 

‣ Good for simulations: to 

model galactic SFRs, 

most important is to 

resolve the most 

massive GMCs

vertical=GMC mass 
above which 31% of the 
total Galactic SFR 
occurs for model 
variations bracketing 
uncertainties

Cumulative fraction of Galactic star 
formation rate >MGMC

Murray 11
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Figure 2. (Continued)

2011a). In the resolved case, the SFR-weighted age of a galaxy
is computed equivalently:

agew, resolved =
∑Npix

i=1

∫ tobs

0 SFRi(t)(tobs − t) dt
∑Npix

i=1

∫ tobs

0 SFRi(t) dt
. (3)

While for galaxies that from integrated photometry are inferred
to be the oldest, the age estimate does not depend sensitively on
the adopted approach, the recovered age of the younger systems
(or at least those inferred to be the youngest from their integrated
photometry) can increase by up to an order of magnitude in
the most extreme cases when taking into account the resolved
photometric constraints. Outshining of the underlying older

7

z=0 z~1 z~2

Increasingly massive star-forming clumps with 
increasing redshift

For Q~1,

Wuyts+12e.g., FG+13



Gas fractions are elevated at high redshift

CO molecular gas observations 
superposed on top of HST J-band 
image (Tacconi+13)

PdB interferometer

FG18



Nearby galaxies

Buta 2011 Bournaud 2015

High redshift

typical MW-mass 
galaxy at z=1.6

portion of HUDF containing ~10 
massive SF’ing galaxies at z=1-3

Other illustrations of 
redshift evolution



Tracing progenitors of MW-mass galaxies using 
comoving number density

van Dokkum+13

At high z, galaxies 
are: 

‣ smaller (even at 
same mass) 

‣ clumpier (esp. in UV 
— young stars) 

‣bluer (younger 
stellar populations, 
higher SFRs)



Swing amplification



Swing amplification

Leading local perturbations 

unwind and are amplified 

Amplification can be factor 

~10-100 (disks respond strongly!) 

Amplification strongest when disk 

is barely Q-stable, Q~1-2 

Swing-amplified perturbations 

likely explain most observed 

spiral structure



110 CHAPTER 15. THEORIES OF SPIRAL STRUCTURE

Figure 15.3: Tidal encounter between the disk in Fig. 15.2 and a companion of 10 the total mass.
This compaion approached on a parabolic initial orbit and reached an apocenter of 9 disk scale
lengths at t 1 5. Each frame is 24 scale lengths on a side; times are given in units of the rotation
period at 3 scale lengths.

108 CHAPTER 15. THEORIES OF SPIRAL STRUCTURE

Figure 15.2: Stable disk.simulation. Initially, this disk has Q 1 26, suffcient to curb local instabil-
ities. The galaxy model includes a bulge and a halo (not shown); the disk is 15% of the total mass.
Each frame is 15 disk scale lengths on a side; times are given in units of the rotation period at 3
disk scale lengths.

Poissonian fluctuations, this disk was initially featureless; the spiral pattern which develops is due
to swing-amplified particle noise.

With time, however, the spiral patterns in numerical simulations tend to fade away as pertur-
bations due to spiral features boost the random velocities of disk stars (e.g. Sellwood & Carlberg
1984). Once the disks become too ‘hot’, random stellar velocities reduce the gain of the swing-
amplifier and prevent the amplification of small fluctuations. In this respect, N-body experiments
fall short of explaining the spiral patterns of real galaxies, which persist for many tens of rotations.

Barnes

Result of swing amplification depends on whether 
perturbations are local (flocculent) or global (grand design)

spiral structure trailing in both cases, in agreement with observations



Swing resonance

Ω

κ

initial leading 
perturbation

α
pitch angle 

(>90∘ for 
leading)

winding tends to 
make trail

Homework: Perturbation unwinds at rate

where = Oort constant, quantifies shear
(how much Ω changes with R)

t=0



Swing resonance (continued)

maximum as perturbation “swings" from leading 
to trailing (t=0) 

Then, swing rate is 2A ~ Ω ~ κ. (show for representative examples, 
e.g. flat rotation curve)

Temporary near match between 2A and κ (both in same sense of rotation) 
enhances effect of gravitational force from the perturbation on stellar orbits — 
and the contribution of the stars’ own gravity to the perturbation. 
[Note: absent resonance, rotation would tend to move stars out of perturbation.] 

⟹ swing amplification 

Swing amplification + winding by differential rotation ⟹ formation of trailing 
spirals



Swing resonance (continued)

Other intuitive way to think about swing amplification:

In rotating disk, epicycles with frequency κ stabilize generic long-
wavelength modes (Toomre analysis). 

Absent rotation, long-wavelength modes are gravitationally 
unstable and grow (Jeans analysis). 

The swing resonance picks up particular perturbations for which 
the stabilizing effects of rotation are reduced, allowing them to 
grow in a manner analogous to the Jeans case. 

The perturbations then get wound into trailing spirals by 
differential rotation.


