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formation efficiency in galactic disks, εffgal≪1             (Ostriker, Murray)

• εffgal is not universal, scales with disk gas mass fraction fg

• GMC formation is rate limiting step, weak dep. sub-GMC SF efficiency

• Fundamentally different from theories based on the small scale 

properties of supersonic turbulence

• In cosmo sims: resolve GMC formation, explicitly model feedback

Take home messages



SF law explained by balance b/w gravity & feedback

CAFG, Quataert, & Hopkins 13; see also Thompson+05, Ostriker & Shetty 11

Gravitational weight of disk gas = momentum/time from supernovae

model prediction
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The SFE is not universal, scales with gas fraction fg

CAFG, Quataert, & Hopkins 13, CAFG+, in prep.

Feedback-regulated prediction vs. observations
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The SFE is not universal, scales with gas fraction fg

CAFG, Quataert, & Hopkins 13, CAFG+, in prep.

Feedback-regulated prediction vs. observations

Also: cT ~ fg vc / 2 ⇒ high cT in ULIRGs, high-z SFGs
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Stars form in giant molecular clouds

No. 2, 2010 MASSIVE STAR-FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY 1105
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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
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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.)
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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~h2 Σg

➡ ~106 Msun in Milky Way

➡ ~109 Msun in gas-rich z~2 star-forming galaxies
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• To capture essential physics of star formation, resolve GMC 
formation and model stellar feedback

• Feedback-driven turbulence keeps disk marginally grav. stable, 
throttles formation rate of GMCs and thus galaxy star formation rate

position

de
ns

ity

GMCs
grav. coll. 
threshold

Q=1

GMC formation is rate limiting step for SF

• Galaxy SFR weakly dependent on SF prescription on scales ≪ GMCs
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Contrast with ‘supersonic turbulence’ theories

• In SST theories, low εff identified with mass fraction in self-gravitating 

tail of ~lognormal density PDF 

• Universal εff ~0.01 for isothermal 

gas, absent self-gravity           
(Krumholz & McKee 05; see also Padoan, 

Nordlund, Federrath, Klessen, ...)

Fig.: Bournaud 11

• Low εff on galaxy scales (K-S law) 

derives from low εff in molecular 

clouds (Krumholz+09)

• Problem: with self-gravity, PDF doesn’t stay lognormal, get runaway 
collapse (e.g., Murray & Chang 12)
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The Astrophysical Journal, 729:133 (14pp), 2011 March 10 Murray

Figure 4. Star formation rate per free-fall time, !ff ! [M"/
(MGMC + M")]("ff/#"ms$) = !GMC("ff/#"ms$) of free–free selected GMCs of
mass MGMC. Symbols as in Figure 1. The sample average #!ff$ = 0.18, the
Q-weighted #!ff$Q = 0.17, and the GMC-mass weighted average, #!ff$MGMC =
0.08. These should be compared to the Milky Way average value of !ff = 0.013,
shown by the solid line. The two dashed lines show the range around
!ff % 0.02 discussed by Krumholz & McKee (2005) and Krumholz & Tan
(2007).

the dynamical time

!ff = M"

MGMC + M"

"ff

min(#"ms$, "dyn)
. (12)

Using this estimate we find

#!ff$Q = 0.20, (13)

for a Q-weighted average.

4. GMC LIFETIMES

The result that &30% of the star formation in the Milky Way
occurs in 32 GMCs is truly remarkable. This becomes apparent
when we compare the total molecular gas mass in the Milky
Way, Mtot % 109 M' (Dame 1993), to the mass in the 32 star-
forming GMCs, with total gas mass M % 5.9(107 M'; 30% of
the star formation takes place in clouds that contain only 6% of
the molecular gas mass. For context, the number of GMCs with
masses above 105 M' % 1100, while the number with masses
above 106 M' % 250. Thus, the bulk of massive GMCs in the
Milky Way do not house WMAP sources.

All the SFCs we examine contain expanding bubbles, with
typical expansion velocities of &10 km s)1 and radii Rb ranging
from 3 pc to 100 pc (Rahman & Murray 2010). In the more
vigorously star-forming GMCs, the outward force exerted by
radiation from the stars exceeds the inward force of gravity
acting on the GMC; we use

Frad = L/c = #Q/c, (14)

for the force due to radiation, where # = 8 ( 10)11 erg s)1 · s,
appropriate for our choice of IMF. The outward force due to
the pressure of the ionized gas is estimated as Fgas = 4$R2

bP ,
where P is the gas pressure. We use the expression P = nkT ,
where k is Boltzmann’s constant, the temperature of the ionized

Figure 5. Ratio of outward (radiation and gas pressure) forces to the self-
gravity force of the GMCs, (Frad + Fgas)/Fgrav, as a function of the host GMC
mass. Twelve of the eighteen unconfused clusters (shown as filled polygons)
have ratios larger than unity, indicating that the star clusters should be blowing
expanding bubbles, consistent with the 8 micron bubble morphology seen in
Spitzer or MSX images of the star-forming complexes. In almost all cases
the radiation pressure is larger than the gas pressure, with the average ratio
Frad/Fgas & 2.

gas is T = 7000 K, and

n =
!

3Q

4$R3
b%rec

, (15)

where %rec is the recombination coefficient.
For the force of gravity we estimate

Fgrav = GMGMCMGMC

R2
GMC

. (16)

The ratio Frad/Fgrav is given in Column 9 of Table 2, and the
ratio (Frad + Fgas)/Fgrav is plotted in Figure 5. More than half of
the unconfused sources have a total outward force larger than the
force of self-gravity. This is consistent with our interpretation
of the radial velocity spreads as being due to expansion of the
bubble walls, and strongly suggests that the star clusters are
disrupting their host GMCs. We note that in almost all our
sources, Frad > Fgas, as expected for such massive clusters
(Murray et al. 2010).

The largest bubbles appear likely to disrupt the host GMC;
the bubble walls have enough momentum to sweep up the rest
of the gas in the host cloud, driving it to r & 200 pc, at which
point tidal shear will complete the disruption. We see these
clouds in their death throes.

We can estimate the lifetimes of massive (MGMC ! 106 M')
Milky Way GMCs against disruption by the effects of the
star clusters that form in them. To do so we assume that the
massive GMCs harboring the massive clusters we examine
here are drawn from the massive GMC population as a whole.
This assumption implies that all massive GMCs will eventually
form massive star clusters, but leaves open the possibility that
less massive GMCs (say with masses below &105 M') do not
necessarily form many stars. For example, cloud fragments from
the objects we have found, which may well have masses as large
as 105 M', may not be self-gravitating. If they are not, they may

8

Milky Way GMC efficiencies

Murray 11

MW avg

K&M05 SST
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Figure 2. Star formation surface density !̇! vs. gas surface density over galactic
orbital period !/torb. All symbols are the same as in Figure 1, except for
the addition of the azimuthally averaged rings in Local Group galaxies from
THINGS/HERACLES (Leroy et al. 2008, 2009, magenta filled circles). The
dynamic range on both axes is the same as in Figure 1 in order to facilitate
comparison. The red symbols connected by dotted lines represent the same
Galactic molecular clouds, with the lower !/torb corresponding to torb evaluated
at r = 15 kpc, and the higher evaluated at r = 8 kpc. The solid brown line is
the best fit given by Kennicutt (1998), which corresponds to Equation (10) with
!orb = 0.11. The dashed green line is the best fit of Daddi et al. (2010b) to the
extragalactic data, which has a slope of 1.14. Note that all the Milky Way data
lie well above the fit line, while most of the Local Group data lie well below it.
(A color version of this figure is available in the online journal.)

description of star formation in molecular clouds in the Milky
Way, or in "kpc-sized regions in Local Group galaxies.

Finally, in Figure 3 we plot !̇! versus !/tff , the quantity that is
expected to control the SFR for a local, volumetric star formation
law. It is immediately apparent that this relation provides a
far better fit than either of the alternatives. The Galactic and
extragalactic data now all lie on the same relation. As we
have already noted, our estimate of tff makes it proportional
to torb for galaxies whose high surface densities put them in the
Toomre regime, so with whole-galaxy data alone it is difficult
to distinguish between the local and global star formation laws,
Equations (2) and (10). However, the addition of the Galactic
and Local Group data clearly breaks this degeneracy in favor of
the local star formation law.

We can demonstrate the superiority of the volumetric star
formation law quantitatively by fitting to the data shown in
Figures 1–3. We summarize the fit parameters in Table 1. For
Figure 1, if we fit a power-law function of the form

!̇! [M# pc$2 Myr$1] = "(! [M# pc$2])q (13)

to the unresolved extragalactic disks and starbursts separately,13

the best-fitting slopes are q = 1.31 and 1.26 for the disks and
starbursts, respectively. The scatter in these fits is modest, a
factor of 2.2 and 2.3. The corresponding best-fit parameters

13 For this and the other fits we discuss below, we do not include the THINGS
data, because it is not clear how to weight them together with the observations
of single objects.

Figure 3. Star formation surface density !̇! vs. !/tff . All symbols are the
same as in Figure 1, and the dynamic range on both axes is the same in order
to facilitate comparison. The solid line represents the local volumetric star
formation law, Equation (2), evaluated with the best-fit value !ff = 0.01, and
the gray band shows a factor of three range about this. Free-fall times for all
objects are estimated as described in Section 2.1.2. All the data are consistent
with a universal star formation law, including the star-forming regions in the
Milky Way and the Local Group. Note that the Galactic clouds that lie above
the fit at low !/tff are those most likely to be affected by the geometric errors
described in Section 3.1, so these points should be treated as uncertain.
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Parameters

Data Included in Fit " q Scattera

Fits to Figure 1, functional formb !̇! = "!q

Unresolved extragalactic disks 0.00019 1.31 2.2
Unresolved extragalactic starbursts 0.0027 1.26 2.3
All data 0.016 0.73 20

Fits to Figure 2, functional formb !̇! = "(!/torb)q

All unresolved extragalactic 0.23 1.13 2.7
All unresolved extragalactic, q = 1 0.22 1.0 3.0
All 0.50 0.48 21

Fits to Figure 3, functional form !̇! = "(!/tff )

All 0.01 · · · 2.8

Notes.
a The scatter given is a multiplicative factor, so a scatter of unity indicates perfect
agreement between data and fit.
b In these fits !̇! has units of M# pc$2 Myr$1, ! has units of M# pc$2, and torb
has units of Myr.

and scatter obtained by Daddi et al. (2010b) for their disk and
starburst data are quite similar. However, if we attempt to fit
all the data simultaneously, Galactic and extragalactic, the fit
is far different and far worse: slope q = 0.73, factor of 20
scatter. The failure of a power-law fit between !̇! and ! for
the extragalactic data including both disks and starbursts is
consistent with the findings of Daddi et al. (2010b) and Genzel
et al. (2010), and here we see that the inclusion of the Galactic
data further compounds the problem.
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All unresolved extragalactic, q = 1 0.22 1.0 3.0
All 0.50 0.48 21

Fits to Figure 3, functional form !̇! = "(!/tff )

All 0.01 · · · 2.8

Notes.
a The scatter given is a multiplicative factor, so a scatter of unity indicates perfect
agreement between data and fit.
b In these fits !̇! has units of M# pc$2 Myr$1, ! has units of M# pc$2, and torb
has units of Myr.

and scatter obtained by Daddi et al. (2010b) for their disk and
starburst data are quite similar. However, if we attempt to fit
all the data simultaneously, Galactic and extragalactic, the fit
is far different and far worse: slope q = 0.73, factor of 20
scatter. The failure of a power-law fit between !̇! and ! for
the extragalactic data including both disks and starbursts is
consistent with the findings of Daddi et al. (2010b) and Genzel
et al. (2010), and here we see that the inclusion of the Galactic
data further compounds the problem.
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FIRE: Feedback In Realistic Environments

• Cosmo zoom-ins directly resolving GMC formation at all redshifts

• Stellar feedback (SNe, photoion, 

stellar winds, rad. P) based on SB99

w/ Hopkins, Kereš, Quataert, Murray

• Metal and molecular line cooling, 

UVB, SF in self-gravitating gas

• P-SPH, resolving main discrepancies 

between grid and standard SPH

Gas, Mh=1012 Msun at z=0

SF law, winds, etc. predicted, not put in



First FIRE results
Galaxies on FIRE: Feedback and Inefficient Star Formation 3

Figure 1. Galaxy stellar mass-halo mass relation at z = 0. Top: M⇤(Mhalo).
Bottom: M⇤ relative to the Universal baryon budget of the halo ( fb Mhalo).
Each simulation (points) from Table 1 is shown; large point denotes the
most massive halo in each box. We compare the relation if all baryons be-
came stars (M⇤ = fb Mhalo; dotted) and the observed relationship as deter-
mined in Behroozi et al. (2012, magenta) and Moster et al. (2013, cyan)
(dashed lines denote extrapolation beyond the observed range). The agree-
ment with observations is excellent at Mhalo . 1013 M�, including dwarf
though MW-mass galaxies. We stress there are zero adjusted parameters
here: stellar feedback, with known mechanisms taken directly from stellar
population models, is sufficient to explain galaxy stellar masses at/below
⇠ L⇤. At higher masses, some additional physics is required to lower the
SF efficiency.

We consider a series of systems with different masses, each
chosen to represent reasonably “typical” galaxies around that mass.
Table 1 describes the initial conditions. All simulations begin at
redshifts ⇠ 100�125, with fluctuations evolved using perturbation
theory up to that point.

The specific halos we re-simulate are chosen to represent a
broad mass range and be “typical” in most properties (e.g. sizes,
formation times, and merger histories) relative to other halos of
the same z = 0 mass, but are otherwise largely unconstrained. The
simulations m09 and m10 are constructed using the methods from
Oñorbe & Bullock (2013); Onorbe et al. (2013);2 they are isolated

2 Initial conditions were generated with the MUSIC code (Hahn & Abel
2011).

dwarfs, but do not live in unusual environments or have “abnormal”
merger histories (chosen to have typical halo sizes, concentrations,
and formation times for their mass). Simulations m11, m12q, and
m13 are chosen to match the initial conditions from the AGORA
project (Kim et al., in preparation), which will enable future com-
parisons with a wide range of different codes. These are chosen
to be somewhat “quiescent” merger histories, but lie well within
the typical scatter in such histories at each mass (and each has
several major mergers). Simulation m12v, for contrast, is chosen
to have a relatively violent merger history (several major mergers
since z⇠ 2). Simulation m14 represents a very massive group, itself
not far from an even more massive cluster (of Mvir ⇠ 3⇥1015 M�);
because of the much larger Lagrangian region that must be simu-
lated, as well as higher densities and more violent merger history,
we simulate this halo only at very low resolution.

In each case, the resolution is scaled with the simulated mass,
so as to achieve the optimal possible force and mass resolution. It
is correspondingly possible to resolve much smaller structures in
the low-mass galaxies. However, in terms of the Jeans mass/length
of the galaxies, the resolution is more broadly comparable between
different simulations. Our “worst” resolution in units of the Jeans
length/mass occurs in the more massive galaxies at late times, when
they are relatively gas poor, and so (despite the large total galaxy
mass) the Jeans length can become relatively small.3

We adopt a “standard” flat ⇤CDM cosmology with h ⇡ 0.7,
⌦M = 1�⌦⇤ ⇡ 0.27, and ⌦b ⇡ 0.046 for all runs.4

3 BARYONIC PHYSICS

The simulations here use the physical models for star formation
and stellar feedback developed and presented in a series of papers
studying isolated galaxies (Hopkins et al. 2012c, 2013a, 2012b,a).
We summarize their properties below, but refer specifically to Hop-
kins et al. (2011) (Paper I) and Hopkins et al. (2012d) (Paper II) for
details and extensive numerical tests of the feedback algorithms.
This includes resolution studies and wide range of detailed tests of
the specific numerical implementation.

3.1 Cooling

Gas follows an ionized+atomic+molecular cooling curve from 10�
1010 K, including metallicity-dependent fine-structure and molecu-
lar cooling at low temperatures, and metal-line cooling followed
species-by-species for 11 separately tracked metal species5 as in
Wiersma et al. (2009a,b). At all times, we tabulate the appropriate
ionization states and cooling rates from a compilation of CLOUDY
runs, including the effect of the photo-ionizing background com-
puted in Faucher-Giguère et al. (2008), self-consistently accounting
for gas self-shielding. Photo-ionization and photo-electric heating
from local sources are accounted for as described below.

3 The approximate Jeans mass/length for the z = 0 disks, assuming Toomre
Q ⇠ 1, increases from ⇠ 104 M� (⇠ 10� 30pc) in the . 1010 M� halos
to ⇠ 107 M� (⇠ 100� 200pc) in the & 1012 M� halos. If Q > 1, or if the
gas fractions are higher (at higher redshifts), the Jeans masses/lengths are
larger as well.
4 Because of our choice to match some of our ICs to widely-used examples
for numerical comparisons, they feature very small cosmological parameter
differences. But these are percent-level, smaller than the observational un-
certainties in the relevant quantities (Planck Collaboration et al. 2013) and
negligible compared to differences between randomly chosen halos.
5 We follow H, He, C, N, O, Ne, Mg, Si, S, Ca, and Fe, as well a residual
“total metal” budget. Each has a separate table of associated yields for each
mass return mechanism.
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Preliminary comparisons with obs. very promising; much more to come!


